Sputtered tin oxide and titanium oxide thin films as alternative transparent conductive oxides by Boltz, Janika
 
 
 
 
Sputtered tin oxide and titanium oxide 
thin films as alternative transparent 
conductive oxides 
 
 
 
Von der Fakultät für Mathematik, Informatik und 
Naturwissenschaften der RWTH Aachen University zur 
Erlangung des akademischen Grades einer Doktorin der 
Naturwissenschaften genehmigte Dissertation 
 
 
vorgelegt von 
Diplom-Physikingenieurin 
 
 
Janika Boltz 
aus Düsseldorf 
 
 
 
Berichter: Prof. Dr. Matthias Wuttig 
Prof. Dr. Dieter Mergel 
 
 
 
Tag der mündlichen Prüfung: 12.12.2011 
 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online 
verfügbar

 iii
Abstract 
 
Alternative transparent conductive oxides to tin doped indium oxide have been 
investigated. In this work, antimony doped tin oxide and niobium doped titanium 
oxide have been studied with the aim to prepare transparent and conductive films.  
 
Antimony doped tin oxide and niobium doped titanium oxide belong to different 
groups of oxides; tin oxide is a soft oxide, while titanium oxide is a hard oxide.  
Both oxides are isolating materials, in case the stoichiometry is SnO2 and TiO2.  
In order to achieve transparent and conductive films free carriers have to be 
generated by oxygen vacancies, by metal ions at interstitial positions in the crystal 
lattice or by cation doping with Sb or Nb, respectively. 
 
Antimony doped tin oxide and niobium doped titanium oxide films have been 
prepared by reactive direct current magnetron sputtering (dc MS) from metallic 
targets. The process parameters and the doping concentration in the films have been 
varied.  
The films have been electrically, optically and structurally analysed in order to 
analyse the influence of the process parameters and the doping concentration on the 
film properties.  
Post-deposition treatments of the films have been performed in order to improve 
the film properties. 
 
 
For the deposition of transparent and conductive tin oxide, the dominant 
parameter during the deposition is the oxygen content in the sputtering gas. The Sb 
incorporation as doping atoms has a minor influence on the electrical, optical and 
structural properties.  
 
Within a narrow oxygen content in the sputtering gas highly transparent and 
conductive tin oxide films have been prepared. In this study, the lowest resistivity in 
the as deposited state is 2.9 mΩ cm for undoped tin oxide without any post-
deposition treatment. The minimum resistivity is related to a transition to crystalline 
films with the stoichiometry of SnO2. At higher oxygen content the films turn out to 
have a higher resistivity due to an oxygen excess.  
 
After post-deposition annealing the suitable range of the process parameters for 
the preparation of transparent and conductive oxides is enlarged, the resistivity 
strongly decreased upon annealing at 300°C. Best results are obtained for an 
undoped SnO2 film with a minimum resistivity of 1.15 mΩ cm after annealing at 
300°C. At higher temperatures the resistivity increased due to stress and microstrain 
in the films. 
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For the preparation of niobium doped titanium oxide as a transparent conductive 
oxide, the reducing atmosphere during the post-deposition annealing is necessary to 
obtain a low resistivity. Best results have been obtained by the deposition of 
amorphous films at higher sputtering pressure (1.5 Pa) that crystallise during the 
post-deposition annealing in the anatase TiO2 phase. After post-deposition annealing 
in vacuum the lowest resistivity obtained here was 671 mΩ cm. The Nb incorporation 
as doping atoms is important for the formation of free charge carriers; a higher Nb 
doping concentration leads to a higher conductivity. 
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Kurzfassung 
 
 
Die vorliegende Arbeit befasst sich mit der Untersuchung von transparenten und 
leitfähigen Oxidschichten. Als alternative Materialien zum herkömmlich 
eingesetzten Indiumzinnoxid sind Antimon-dotiertes Zinnoxid und Niob-dotiertes 
Titanoxid untersucht worden.  
 
Zinnoxid gehört zu den weichen Oxiden, hingegen Titanoxid zu den harten 
Oxiden. Zinnoxid weist mehrere Oxidformen auf im Gegensatz zum Titanoxid, das 
in der oxidischen Form nur in TiO2 auftritt.  
In stöchiometrischer Form sind beide Oxide, SnO2 und TiO2, Isolatoren.  
Um leitfähige Oxide zu erzielen, werden Sauerstofffehlstellen, Metall-Ionen auf 
Zwischengitterplätzen oder Fremdatome für die Dotierung benötigt, die freie 
Ladungsträger erzeugen. 
 
Die mit Antimon-dotierten Zinnoxid- und mit Niob-dotierten Titanoxid-
Schichten wurden mittels reaktiver Gleichstrom-Magnetron Sputter-Deposition (dc 
MS) von metallischen Kathoden hergestellt. Neben den Prozessparametern wurde 
die Dotierung der Schichten über den Einsatz verschiedener Konzentrationen in der 
Kathode variiert.  
Die Oxidschichten sind elektrisch, optisch und strukturell untersucht worden, um 
den Einfluss der Prozessbedingungen und der Dotierung auf die Schichten zu 
prüfen.  
Nach der Herstellung der Oxidschichten wurde mittels einer Wärme-
Nachbehandlung die Möglichkeit der Optimierung der Schichteigenschaften 
untersucht. 
 
 
Für die Herstellung von leitfähigen und transparenten Zinnoxidschichten ist der 
Sauerstoffgehalt im Arbeitsgas die entscheidende Größe. Der Einbau von Antimon 
als Dotierung im Zinnoxid hat eine untergeordnete Bedeutung für die elektrischen, 
optischen und strukturellen Schichteigenschaften.  
 
In einem schmalen Bereich vom Sauerstoffgehalt im Arbeitsgas werden 
hochtransparente und leitfähige Zinnoxid-Schichten hergestellt. In dieser Arbeit ist 
der geringste minimale spezifische Widerstand 2,9 mΩ cm von undotierten 
Zinnoxid-Schichten ohne weitere Wärme-Nachbehandlung. Das Minimum im 
spezifischen Widerstand ist verknüpft mit dem Übergang zu kristallinen Schichten 
mit der Stöchiometrie von SnO2. Bei höherem Sauerstoffgehalt im Arbeitsgas haben 
die Schichten einen höheren Widerstand aufgrund von einem Sauerstoffüberschuss 
in den Schichten. 
 
Nach einer anschließenden Wärme-Nachbehandlung der Schichten wird der 
Bereich der Prozessbedingungen für die Herstellung von transparent leitfähigen 
Zinnoxidschichten vergrößert, der spezifische Widerstand sinkt deutlich ab für 
Temperaturen bis 300°C. Bestes Ergebnis war der spezifische Widerstand von einer 
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undotierten Zinnoxid-Schicht mit 1,15 mΩ cm nach Wärme-Nachbehandlung bei 
300°C. Bei höherer Temperatur steigt der spezifische Widerstand wieder an, 
aufgrund von mechanischen Verspannungen und Mikroverspannungen. 
 
 
 
Für die Herstellung von transparent leitfähigen Titanoxidschichten ist eine 
reduzierende Atmosphäre während des Nachheizens der Schichten notwendig, um 
einen niedrigen spezifischen Widerstand zu erzielen. Beste Resultate zeigen amorphe 
Titanoxidschichten, die bei einem erhöhten Arbeitsdruck von 1,5 Pa gesputtert 
wurden und beim nachträglichen Heizen in Vakuum in der anatasen TiO2 Struktur 
kristallisieren. Der geringste spezifische Widerstand, in dieser Studie erzielt, beträgt 
671 mΩ cm nach Heizen der Titanoxidschicht in Vakuum. Der Einbau von Niob als 
Dotiermaterial in das Titanoxid ist unerlässlich für einen geringen spezifischen 
Widerstand. 
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ħ  Planck constant 
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I  current 
J  ion current density 
k  extinction coefficient 
λ  wavelength 
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m  mass 
me  electron mass 
m*  effective mass 
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mh*  effective mass of holes 
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NA  Avogadro’s number. 
p  pressure 
p(O2,air) oxygen partial pressure of air 
p(O2) oxygen partial pressure 
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ψ  differential change of amplitude 
q  elementary electronic charge 
Q  symmetry factor 
Qc  reactive gas flow to the collecting area 
QP  reactive gas flow to the vacuum pump 
Qt  reactive gas flow to the target 
Qtot total reactive gas flow 
r0*  Bohr radius 
R  electrical resistance 
R0  universal gas constant 
RS  curvature radius of the substrate 
Rf  curvature radius of substrate and film  
Rm  sputtering rate of target atoms 
ρ  resistivity 
ρf  density 
s  scan length on the sample 
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σ  mechanical stress 
σe  extrinsic stress 
σi  intrinsic stress 
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T  temperature 
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ΔT  temperature difference 
θ  scattering angle 
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θc  compound covered fraction of the collecting area 
θt  compound covered fraction of the target. 
U  voltage 
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ΔU difference of the voltage 
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1 Introduction 
 
Transparent and conductive oxides (TCO) combine two important properties: 
They exhibit a good electrical conduction and a high transmission in the visible range 
of light (380-780 nm). This makes them attractive for optoelectronic applications.  
TCO materials are e.g. applied as transparent electrodes in solar cells or flat panel 
displays, anti-static coatings and heat reflecting filters (architectural glazing) 
[Bat2005, Ell2001, Fur2005, Gor2000, Mwa2000, SLe2007].  
 
Commonly, In2O3:Sn (ITO) is used as TCO because of its low resistivity whilst 
having a high transparency as well [Bat2005]. A drawback of the use of ITO is its 
high costs, due to the rare abundance of the metal indium in the earth’s crust 
(0.1 ppm [Ell2001]). Additionally, a recently increasing demand of TCO materials has 
accelerated the need of a development of inexpensive alternatives to ITO [Ell2001, 
Fur2005]. 
Doped tin oxide belongs to the group of promising TCO materials. Frequently tin 
oxide is doped with antimony or fluorine [Bat2005]. Beside the low costs of the 
material, other advantages of tin oxide are its thermal and chemical stability and the 
mechanical durability [SLe2007]. 
Another promising candidate for alternative TCO is niobium doped titanium 
oxide. It possesses an excellent electrical conductivity and a high transparency 
[Fur2005]. Titanium oxide has many unique properties, e.g. a high refractive index, 
photocatalytic properties, a chemical stability and resistance against hydrogen 
radical exposure [Nat2006]. Further advantages compared to ITO are resource 
availability and non-toxicity [Sat2008].  
 
There are various techniques for the deposition of TCO materials. Among them, 
sputtering can be used for coating large area substrates at high rate and with 
competitive costs compared to other methods, e.g. chemical vapour deposition 
(CVD), electron beam evaporation or spray pyrolysis [JLe2008, Sha2004].  
A further advantage of sputtering compared to other techniques is the possibility 
of growing films at low deposition temperatures [Gor2005]. Thus, the deposition on 
organic substrates such as polyimide (PI) [Hao2002, JMa2002] and even on flexible 
organic substrates such as polypropylene adipate (PPA) [HMa2002] is possible.  
Reactive radio frequency sputtering (rf MS) is commonly utilised for the sputter 
deposition of TCO materials and is extensively studied in the literature [Hao2002, 
JMa2002, HMa2002, Goo1984, Stj1990, Stj1994, Jae1998].  
Another sputter deposition technique is reactive direct current magnetron 
sputtering (dc MS). Reactive dc MS is a simple technique, convenient for industrial 
applications. It is easier to implement, avoids the complexity of rf systems and can be 
scaled to large substrate sizes quite easily. Additionally, the deposition rate of dc MS 
is higher compared to that for rf MS [Saf2000].  
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In this work using reactive dc MS, thin films of antimony doped tin oxide 
(SnOx:Sb) and niobium doped titanium oxide (TiOx:Nb) have been prepared by 
reactive dc MS from metallic targets. The deposition was performed at low 
temperatures without any additional heating during deposition. Electrical, optical 
and structural analyses of the films were performed to correlate the characteristic 
electrical, optical and structural properties of the films with the deposition 
conditions. The influence of the doping concentration on film properties has been 
studied. Furthermore, post annealing steps have been performed in order to improve 
the electrical, optical and structural properties of the films.  
 
 
This thesis is structured as follows: 
The next chapter presents general properties of TCO materials as well as some 
TCO materials. Besides the commonly used ITO, tin oxide and titanium oxide are 
discussed which have been investigated in this work as alternative TCO material.  
Subsequently, the sputter deposition of thin films is briefly described (chapter 3). 
The sputter process and the formation of thin films are explained in chapter 3.1 and 
3.2, respectively. 
The experimental methods used for the investigations are described in chapter 4, 
which is divided into the subsections of the deposition process and the analyses of 
the electrical, optical and structural properties, as well as the mechanical stress in the 
films. 
In chapter 5 the investigation on antimony doped tin oxide as alternative TCO to 
ITO are presented. First, the sputter process of tin oxide with different parameters is 
described, followed by the properties of the films after deposition. The sputtering 
pressure has been varied in order to analyse its impact on the film properties. Post 
annealing experiments are presented for an improved preparation of TCO films. 
Finally, the influence of the antimony incorporated as doping atoms in the tin oxide 
films is analysed by varying the Sb doping concentration and by following annealing 
experiments. 
The subsequent chapter 6 deals with the investigation on niobium doped 
titanium oxide as alternative TCO material. At first, the sputter process of titanium 
oxide is described for varying process parameters. For different process parameters 
the electrical, optical and structural properties of the niobium doped titanium oxide 
films have been analysed in the as deposited state and after post-deposition 
annealing. The niobium doping concentration of the titanium oxide films has been 
varied and the influence of the niobium incorporation on the film properties has been 
studied.  
In the last part, the summary and conclusion are presented and a brief outlook is 
given.  
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2 Transparent Conductive Oxides 
 
The general properties of transparent conductive oxides (TCO) are discussed in 
the first part of this chapter. Afterwards, some TCO materials are presented. Besides 
the most commonly used ITO, tin oxide and titanium oxide are discussed which are 
investigated in this work. 
 
After the first investigation on TCO materials a wide field of application has been 
developed. TCO materials are used as antistatic or antireflective coatings in display 
technology, as transparent conductors in solar cells or heat reflecting filters in 
architecture. For such a low-emissivity (low-E) coating, the TCO material is 
characterised by a high transparency in the visible range of light (380-780 nm) 
combined with a high reflectivity in the infrared, shown in Figure 2.1.  
 
 
Figure 2.1 Optical properties of TCO: Transmittance (T), reflectance (R) and 
absorption (A) spectra of a fluorine doped tin oxide film as a function of the 
wavelength (taken from [Bel1992]). In the visible range of light (380-780 nm) the 
transmittance is high while in the infrared the transmission is low due to a high 
reflectance caused by free electrons.  
 
 
Optical properties of TCO 
 
Due to the wide optical band gap (> 3.1 eV) TCO materials are transparent in the 
visible [Ing2004]. Transitions from valence to conduction band can only take place at 
energies higher than the band gap resulting in the absorption edge at a wavelength 
smaller than 400 nm. The band gap Egap is defined by the energetic distance of 
valence and conduction band for an undoped stoichiometric crystal. When the oxidic 
material is highly doped this band gap is changed.  
The Burstein-Moss effect [Bur1954, Mos1954] is leading to an increase in the band 
gap. For a high doping concentration a part of the lower edge of the conduction band 
is already occupied by electrons. Thus, the incoming light has to excite electrons from 
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the conduction band over the band gap plus the filled part of the conduction band. 
The increase of the band gap ΔEBM is given by [Hue2005] 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ += *
h
*
e
3
22
c
2
BM m
1
m
1)n3(
2
E πΔ h , 
 
ΔEBM increase of the band gap by Burstein-Moss effect 
ħ  Planck constant 
nc  carrier concentration 
me*  effective mass of electrons 
mh*  effective mass of holes. 
 
The enlargement of the band gap is correlated with the carrier concentration nc.  
 
A reduction of the band gap is induced by an interaction of the charged doping 
atoms and electrons in the material [Ser1988]. However, the impact of the Burstein-
Moss effect is dominant and for a high charge carrier concentration in the material 
the optical band gap increases. A schematic overview of the phenomena influencing 
the band gap is shown in Figure 2.2. 
 
 
Figure 2.2 Schematic band structure of a semiconductor. The conduction band is 
separated from the valence band by the band gap Egap (a). Due to the Burstein-Moss 
effect the lower states of the conduction band are filled by free charges and the band 
gap is increased (b). A reduction of the band gap is induced by the interaction of the 
ionised doping atoms and the free charges in the conduction band (c) (taken from 
[Ser1988]). 
 
 
Furthermore, if defects, situated mid-gap, are present in the material also 
absorption of light with wavelength above 400 nm may take place. This typically 
leads to a slight absorption of light in the wavelength range between 400 and 780 nm 
for TCOs. 
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In contrast to the high transmission in the visible TCO are highly reflecting in the 
infrared. The transition to a high reflectivity in the infrared is characterised by the 
plasma wavelength of free electrons of the material [Cho1983]. At wavelengths above 
the plasma wavelength the light is reflected. The reflectance increases due to 
reflection at free charges. The plasma wavelength is given by [Cho1983] 
 
2
c
*
0hf
p en
m
c2
εεπλ = , 
 
λp  plasma wavelength 
c  velocity of light 
εhf  high frequency dielectric constant 
ε0  vacuum permittivity  
m*  effective mass 
nc  carrier concentration 
e  elementary charge. 
 
With increasing carrier concentration nc the plasma wavelength is shifted to lower 
wavelengths. For a transparent material the plasma wavelength has to be larger than 
780 nm leading to a maximal carrier concentration of 2.5 × 1021 cm-3, 1.5-
2.3 × 1021 cm-3 and 11.5 × 1021 cm-3 for ITO, tin oxide and titanium oxide, respectively, 
see also Table 2.1. 
 
 
Electrical properties of TCO 
 
TCO belong to the group of semiconductors. The electrical properties of TCO 
materials vary from an isolating behaviour to a metallic conductivity. Stoichiometric 
oxides are usually isolators. Under oxygen deficient conditions the oxides obtain free 
electrons, each oxygen vacancy results in two free electrons in the conduction band. 
A further increase of conductivity is accomplished by doping [Szy2001]. For anion 
doping the oxygen is substituted by fluorine. F- replaces O2- so that a free electron is 
created. For cation doping the metal ion is substituted by a cation of higher valency. 
The doping concentration is about a few at.% to prevent a segregation of the 
materials. The deposition conditions have to be adjusted to avoid the oxidation of the 
dopant material [Szy2001].  
 
Upon doping the Fermi level is shifted closer to the conduction band and at high 
doping concentration the Fermi level is situated in the conduction band. The 
semiconductor is then degenerated and exhibits a metallic electrical transport. The 
critical carrier concentration ncrit for the transition from semiconducting to metallic 
transport is given by [Mot1974, Sie2011]  
 
26.0rn *0
3/1
crit = ,  
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ncrit critical carrier concentration 
r0*  Bohr radius. 
 
The Bohr radius can be determined by [Edw1978] 
 
e
*
St*
0 m/m
pm53
r
ε⋅= , 
 
r0*  Bohr radius 
εSt  static dielectric constant 
m*  effective electron mass 
me  electron mass. 
 
The dopant atoms lead to scattering of the charges, besides other mechanisms 
such as scattering at crystal defects or grain boundaries. Ionised impurity scattering 
(IIS) is the most dominant effect (depicted in Figure 2.3) and leads to a limit of the 
resistivity of 4 × 10-5 Ω cm [Bel1992]. 
 
 
Figure 2.3 Resistivity of different TCO materials as a function of the carrier 
concentration. The black line represents the theoretical limit for the resistivity due to 
ionised impurity scattering (taken from [Bel1992]).  
 
 
TCO materials 
 
Besides good transparency and conductivity other properties such as mechanical, 
thermal properties, stability, durability, toxicity and costs are important for TCO 
materials. In [Gor2000] most common materials are reviewed for their specific 
application. 
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Tin doped indium oxide (ITO) is commonly employed as TCO. It has a very low 
resistivity combined with a high transparency [Bat2005]. A drawback of the use of 
ITO is its high costs, due to the rare abundance of the metal indium in the earth’s 
crust (0.1 ppm [Ell2001]). Additionally, a recently increasing demand of TCO 
materials has accelerated the need of a development of inexpensive alternatives to 
ITO [Ell2001, Fur2005]. Two promising candidates are antimony doped tin oxide and 
niobium doped titanium oxide.  
 
 
Antimony doped tin oxide SnOx:Sb 
 
Tin oxide belongs to the group of soft oxides. There are several oxidation states. 
In Figure 2.4 the phase diagram of Sn-O is shown. Most frequently are stannous 
oxide SnO and stannic oxide SnO2. In [Bat2005] the properties of SnO and SnO2 are 
reviewed. Besides SnO and SnO2 the intermediate form Sn2O3 exists [Mur1973, 
Has1973] that has been previously denoted as Sn3O4 [Spa1947, Law1967]. 
 
 
Figure 2.4 Phase diagram of Sn-O (taken from [Lux1980, Bat2005]) 
 
 
The heats of formation for SnO and SnO2 at 298 K are -68 cal/mol and 
-138 cal/mol, respectively [Bat2005]. This results in ΔH = -70 cal/mol for the reaction 
from crystalline SnO and oxygen to crystalline SnO2. The crystallisation from SnO to 
SnO2 proceeds via transformation into intermediate structures [Geu1984]. The 
thermodynamically most stable form of tin oxide is stannic oxide [Bat2005]. 
The formation energy of oxygen vacancies and tin interstitials in SnO2 is very low; 
the defect formation energy of tin interstitials is negative (~ -0.5 eV) and the 
formation energy of oxygen vacancies has a small positive value (~ 0.67 eV) when the 
Fermi level is situated mid-gap [Kil2002]. The spontaneous formation of oxygen 
vacancies and tin interstitials is leading to a stable non-stoichiometry [Kil2002] and 
thus, to a high n-type conductivity of undoped tin oxide. For an increase of the 
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carrier concentration and the conductivity, tin oxide is frequently doped with 
fluorine as an anion dopant or antimony as a cation dopant [Bat2005]. Beside the low 
costs of the material, other advantages of tin oxide are its thermal and chemical 
stability and the mechanical durability [SLe2007]. 
 
 
Niobium doped titanium oxide TiOx:Nb 
 
Titanium oxide belongs to the group of hard oxides. In the oxidic regime mainly 
titanium dioxide exists. Suboxides of titanium oxide are prepared by reactions of 
titanium dioxide with the titanium metal at high temperatures (1500°C for TiO and 
1600°C for Ti2O3) [Gre1997]. 
It possesses a high transparency and excellent electrical n-type conductivity when 
doped with niobium [Fur2005, Hoa2008]. The metallic feature of TiOx:Nb is based on 
d-electrons while most of the conventional n-type TCOs use s-electrons [Fur2005]. 
Titanium oxide has many unique properties, e.g. a high refractive index, 
photocatalytic properties, a chemical stability and resistance against hydrogen 
radical exposure [Nat2006]. Further advantages compared to ITO are resource 
availability and non-toxicity [Sat2008]. 
 
 
As a summary, properties of the materials investigated in this work in 
comparison to ITO are given in Table 2.1. The properties of ITO, tin oxide and 
titanium oxide found in literature are given that are important for TCO application.  
In the first section the electrical properties are listed. The resistivity and mobility 
are given, the highest values are found for ITO. The carrier concentration nc reported 
in literature is in the order of 1021 cm-3 for all materials. Also, the maximal possible 
carrier concentration nmax for a transparent material is calculated from the effective 
electron mass and the high frequency dielectric constant [Cho1983]. For ITO and tin 
oxide the maximal carrier concentration is of the same order (< 2.5 × 1021 cm-3) while 
for titanium oxide it is one order of magnitude higher due to the high effective 
electron mass and the large high frequency dielectric constant of the anatase phase. 
The critical carrier concentration ncrit for the transition from semiconducting to 
metallic transport is calculated for the materials [Sie2011]. It is highest for ITO and 
lowest for titanium oxide. Also, the static and high frequency dielectric constants are 
given. 
In the second part the electronic properties of the semiconductors are given, the 
effective electron mass and the band gap are listed. All three materials are n-type 
semiconductors. In the next section, the optical properties are listed in Table 2.1, the 
average transmission in the visible, the visible absorption and the refractive index. In 
the last part the structural properties of the materials are given. The density, thermal 
expansion coefficient, heat of formation, structure with lattice parameters and typical 
grain size and stoichiometric composition are given. 
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Table 2.1 Properties of ITO, SnOx:Sb, TiOx:Nb [Bat2005a, Bla1998b, Cam1999c, 
Cho1983d, Ell2001e, Fur2005f, Gor2000g, Hit2007h, Hoa2008i, Loe1994j, Mur1973k, 
Nat2006l, Sat2008m, Sie2011n, Szy2001o, Wea1988p]  
 In2O3:Sn (ITO) SnOx:Sb TiOx:Nb 
Electrical properties: 
Resistivity ρ 
 
Mobility µ 
 
Electron concentration 
nc 
nmax [d] 
ncrit [n] 
Static dielectric 
constant εSt 
 
High frequency 
dielectric constant εhf 
 
1 × 10-4 Ω cm [g] 
 
10-75 cm2 V-1 s-1  
[d] 
≈1021 cm-3 [d] 
 
2.5 × 1021 cm-3 
6.9 × 1018 cm-3 
≈9 [e]  
 
 
3.95 [o]  
  
5 × 10-4 Ω cm [d] 
 
5-30 cm2 V-1 s-1 [d] 
 
>1020 cm-3 [d] 
 
1.5-2.3 × 1021 cm-3 
3.3 × 1018 cm-3 
9.6 [e]  
 
 
4.17 [o]  
 
2.3/7 × 10-4 Ω cm 
[f/i]  
8/22 cm2 V-1 s-1  
[i/f]  
1.2/1.7 × 1021 cm-3 
[i/f]  
11.5 × 1021 cm-3 
1.1 × 1018 cm-3 
14-110/48 
(TiO2/anatase) 
[p/b]  
6.25 [m] (anatase) 
Electronic properties: 
Effective electron mass 
m* 
Band gap (dir) Egap 
 
 
0.35 me [e] 
 
3.75 eV [e] 
 
 
0.1-0.29 me [d] 
 
2.5-3/3.6 eV 
(SnO/SnO2) [a/e] 
 
1 me [m] 
 
3.2/3.0 eV 
(anatase/rutile) [c] 
Optical properties: 
Average transmission 
in the visible TVIS 
Visible absorption α 
Refractive index nf 
 
75-90% [d] 
 
2% [d] 
1.9-2.1 [d] 
 
80-95% [d] 
 
2-3% [d] 
1.8-2.0 [d] 
 
60-97% [f, h, i, m] 
 
< 10% [i] 
2.2-2.6 [l] 
Structural properties: 
Density ρf 
 
 
 
Thermal expansion αf 
Heat of formation ΔH0f 
 
 
 
Structure 
 
 
Lattice parameter 
 
 
Grain size D 
Composition 
 
 7.12 g cm-3 [e] 
  
 
 
6.7 × 10-6 K-1 [e] 
-925.8 kJ mol-1 [p] 
 
 
 
cubic, bixbyite 
 
 
a: 1.012 nm [e] 
 
 
40-60 nm [d] 
In2O3:Sn 
 
6.446/5.9/ 
6.95 g cm-3 
(SnO/Sn2O3/ 
SnO2) [k, p] 
3.7 × 10-6 K-1 [e] 
-280.7/ 
-577.6 kJ mol-1 
(SnO/SnO2) [p] 
 
tetragonal, rutile  
(SnO2)/ 
litharge (SnO) 
a: 0.380/0.474 nm;  
c: 0.484/0.319 nm 
(SnO/SnO2) [a, e] 
20-60 nm [d] 
SnO2:Sb 
      
3.2-3.65/ 
3.84/4.26 g cm-3 
(amorphous/ 
anatase/rutile) [j] 
7-9 × 10-6 K-1 [p] 
-938.7/ 
-944 kJ mol-1  
(anatase/rutile) 
[b, p]  
tetragonal, 
anatase, rutile 
 
a: 0.379/0.459 nm; 
c: 0.951/0.296 nm 
(anatase/rutile) [b] 
20-2000 nm [j] 
TiO2:Nb 
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3 Sputter Deposition of Thin Films 
 
There are various methods for the deposition of thin films [Fre1987, Ohr2002]. In 
this work thin films have been prepared by sputter deposition. The sputter 
deposition process and models for the formation of thin films are presented in the 
following chapter.  
 
3.1 Sputter Process 
 
Sputtering is a physical vapour deposition technique (PVD). The material is 
eroded by energetic particles. The vapour condenses on the substrate and forms a 
thin film [Ohr2002].  
A scheme of a sputter deposition system is depicted in Figure 3.1. For the 
deposition a vacuum chamber is used. In the chamber the substrates and the target 
are positioned. The target consists of the material to be eroded for the deposition of a 
thin film on the substrate. After evacuation, an inert gas (e.g. argon) is introduced as 
working gas for the sputter erosion. A negative high voltage is applied to the target, 
which is the cathode. In the electric field between target and substrates a glow 
discharge of the gas is generated. A plasma is formed [Fre1987].  
 
 
Figure 3.1 Scheme of a sputter deposition system, consisting of a target and 
substrates placed in a vacuum chamber. Accelerated in the electric field, gas ions 
impinge on the target and sputter atoms, which subsequently condensate on the 
substrate or the chamber walls. 
 
 
The electrons are accelerated in the electrical field, hit atoms of the gas and ionise 
the gas upon the collision. The positively charged gas ions are attracted to the 
cathode and impinge on the target. Besides sputtered atoms also secondary electrons 
are emitted. The secondary electron emission (SEE) coefficient depends on the target 
material. 
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Figure 3.2 Sputter process: impinging particles, subsequent cascades of collisions 
in the target and release of a target atom. 
 
 
When impinging, the positively charged gas ions cause single knock-on (at low 
energy) or cascades of collisions in the target (Figure 3.2). When a gas ion impinges 
on an atom of the target, it transfers energy to the target atom. The target atom leaves 
its place and hits other atoms in the target. Finally, an atom at the surface of a solid is 
released when the transferred energy is higher than the binding energy of the atom 
at the surface [Ohr2002].  
The efficiency of sputtering is given by the sputter yield. The sputter yield S is 
defined as the ratio from sputtered atoms to incident particles 
 
particleincident
atomssputteredofnumber
S = .  
 
The sputter yield depends on many process parameters [Kle2007], e.g. the mass of 
incident and target particles, the target geometry, the incident angle or the energy of 
the incident particles.  
 
 
Figure 3.3 Sputter yield as a function of the energy of the incident particle. 
Exceeding the threshold energy Eth the yield increases with increasing energy. At 
high energies the yield decreases upon ion implantation (adopted from [Mah1997]). 
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The sputter yield is shown in Figure 3.3 depending on the energy of the incident 
particles. In order to sputter material, the energy of the incident particles has to 
overcome a threshold energy Eth (in the range of 5-40 eV) that exceeds the binding 
energy of the atom at the surface and releases the atom. With increasing energy of 
the incident particles the sputter yield also increases. At high energies (in the range 
above 10 keV) the incident ions of the working gas get buried in subsurface layers of 
the target and do not further contribute to sputtering. The yield decreases upon ion 
implantation [Ohr2002]. 
 
 
Tailoring the film composition 
 
The growth of a thin film composed of multiple components can be realised by 
sputtering from a compound target. The target consists of the material to be 
deposited. The stoichiometry of the deposited film depends on the composition of 
the target and on the sputter yields of the target components.  
Employing reactive sputtering, it is possible to deposit a compound of the target 
material with a reactive gas, e.g. oxygen, nitrogen or methane. Introducing the 
reactive gas into the sputtering atmosphere, the target material and the reactive gas 
form a compound that is deposited on the substrate.  
In reactive sputtering the sputtering atmosphere consists of the inert working gas 
and the reactive gas. The composition of the sputtering atmosphere changes the 
target coverage with the compound. The interaction of the reactive gas with the 
target surface and the collecting area of the chamber (e.g. the chamber walls and 
substrate) has an influence on the process parameters. Exemplarily, the 
characteristics of partial pressure of the reactive gas and the target voltage are shown 
in Figure 3.4 as a function of the reactive gas flow.  
 
 
Figure 3.4 Influence of the reactive gas in the sputtering atmosphere on (a): the 
partial pressure of the reactive gas and (b): the target voltage (adopted from 
[Ohr2002]).  
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Introducing a small amount of reactive gas in the atmosphere the partial pressure 
only slightly increases due to consumption of the reactive gas at the collecting area of 
the chamber. The target voltage remains constant; the material is still sputtered in 
metallic mode. At the critical reactive gas flow (B) the whole collecting area as well as 
the target surface has reacted with the gas, the partial pressure abruptly increases 
and the compound is sputtered from the target. The voltage changes abruptly due to 
a different secondary electron emission coefficient for the compound material 
compared to that for the elementary metal. Now, the material is sputtered in reactive 
mode. Upon further increasing reactive gas flow the partial pressure linearly 
increases and the target voltage remains unchanged. Decreasing the reactive gas flow 
successively, the transition into the metallic regime is observed at a lower flow (A), 
because the completely oxidised collecting area does not consume as much reactive 
gas as for an increasing reactive gas flow. Thus, between the gas flow A and B a 
hysteresis appears in the process [Ohr2002].  
 
 
Figure 3.5 Theoretical schematic of reactive sputtering. (a): Reactive gas flows 
through the system, Qtot denotes the total reactive gas flow, QP the flow to the pump, 
Qt the flow to the target with the area At and compound covered fraction θt, and Qc is 
the flow to the collecting area including the substrate with the area Ac and the 
compound covered fraction θc. (b): Flux of sputtered material from the target to the 
substrate area (taken from [Ber2005]). 
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A theoretical model of the reactive sputtering process has been proposed by Berg 
et al. [Ber1987, Ber2005]. In Figure 3.5 the theoretical schematic of reactive sputtering 
is shown. The Berg’s model is based on the balance of the reactive gas flows. The 
total reactive gas flow introduced into the sputtering process is divided into the 
reactive gas flows to the target, to the collecting area and the vacuum pump 
[Ber1987]  
 
Pcttot QQQQ ++= , 
 
Qtot total reactive gas flow 
Qt  reactive gas flow to the target 
Qc  reactive gas flow to the collecting area 
QP  reactive gas flow to the vacuum pump. 
 
Due to the presence of a reactive gas fractions of the target and of the collecting 
area form a compound of the reactive gas (Qt and Qc) with the elementary metal. The 
fraction covered with the compound material is denoted as θt for the target and as θc 
for the collecting area, respectively.  
From the different fractions material is eroded resulting in material fluxes from 
the target to the substrate. The material fluxes consist of the flux from the compound 
fraction and from the elementary fraction, see Figure 3.5 (b). Additionally, the 
reactive gas flow to the target (Qc) forms a compound with the fraction of the 
collecting area (1- θc) covered with elementary material. From these material fluxes 
the sputtering rate of target atoms is given by [Ber2005] 
 
ttctmm A]Y)1(Y[q
JR θθ +−= , 
 
Rm  sputtering rate of target atoms 
J  ion current density 
q  elementary electronic charge 
Ym  sputtering yield of the element 
Yc  sputtering yield of the compound molecules 
θt  compound covered fraction of the target 
At  area of the target. 
 
Depending on the compound fraction of the collecting area θc the deposition rate 
can be calculated by [Ber2005] 
 
cm2cm1 Rc)1(RcDR θθ +−= , 
 
DR deposition rate 
c1, c2 constants accounting for unit conversions 
Rm  sputtering rate of target atoms 
θc  compound covered fraction of the collecting area. 
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The first term stands for the deposition with elementary metal atoms, while the 
second term accounts for the deposition with the compound material. 
 
The fractions θt and θc of the compound material at the target and collecting area 
can be calculated for varying reactive gas flows. Further, by the Berg’s model the 
characteristics of the reactive gas pressure can be explained due to consumption of 
the reactive gas at the target, the collecting area and the vacuum pump. In Figure 3.6 
the calculated reactive gas pressure is depicted as a function of the reactive gas flow 
according to the Berg’s model [Ber2005]. Because the reactive gas pressure is usually 
not controlled, upon increasing oxygen flow the process changes abruptly at P1 and 
continues at P2 in the oxidic regime. Reversely, upon decreasing oxygen flow at P3 
the process drops into the metallic mode at P4. 
 
 
Figure 3.6 Calculated partial pressure of the reactive gas as a function of the total 
reactive gas flow (taken from [Ber2005]). 
 
 
Sputtering techniques 
 
There are several methods to sputter thin films. The simplest technique is direct 
current (dc) diode sputtering (as already depicted in Figure 3.1). In dc diode 
sputtering a dc voltage is applied to the cathode. The distribution of the potential in a 
dc glow discharge is shown in Figure 3.7.  
Most of the potential drops near the cathode, in the cathode fall region or cathode 
sheath. In the cathode sheath positively charged ions are accelerated towards the 
cathode while electrons are accelerated away from the cathode. Another sheath is 
formed close to the surface of the anode due to loss of plasma species to the surface. 
Between anode and cathode, the plasma potential VP has a positive value. The 
plasma is maintained by a continuous ionisation of the gas atoms by accelerated 
electrons. For the ionisation of the Ar gas a high voltage and high pressure is needed 
in order to increase the collision probability of the gas with electrons [Mat2010]. 
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Figure 3.7 Distribution of the potential in a dc glow discharge (adopted from 
[Mat2010]). 
 
 
Using dc diode sputtering only conductive materials can be eroded. An insulating 
material is positively charged upon the impingement of positive gas ions and the 
accumulation of charges at the surface. A positive potential forms at the target that 
counteracts the acceleration of gas ions and the sputter erosion [Fre1987]. The 
sputtering process becomes instable and arcing occurs for discharging of the surface 
potential.  
For the deposition of insulating films, an ac (alternating current) voltage, 
commonly of radio frequency (rf), replaces the dc voltage at the target. The electrons 
react faster to changes of the electric field than the heavy gas ions so that the plasma 
is sustained while the electrons discharge the target in the positive half cycle 
[Ohr2002]. 
 
The high pressure of dc diode and rf sputtering results in a pronounced scattering 
and a decreased deposition rate [Ohr2002]. Additionally, a high voltage applied to 
the target in dc diode sputtering and the complexity of rf systems is not favourable 
for process application.  
In order to sustain the plasma at low pressure and low voltage, an increase of the 
ionisation efficiency is necessary. In magnetron sputtering (MS) the electric field is 
combined with a magnetic field. In Figure 3.8 the configuration is depicted 
[Ohr2002].  
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Figure 3.8 Electric and magnetic fields in magnetron sputtering. Exposed to the 
Lorentz force electrons move along cycloidal trajectories. There, the ionisation of the 
gas is increased leading to a locally increased sputter erosion (taken from [Ohr2002]). 
 
 
In the region where the magnetic field is perpendicular located to the electric 
field, the electrons are exposed to the Lorentz force  
 
)Bv(eFL
rrr ×= , 
 
LF
r
  Lorentz force 
e  elementary charge 
vr   velocity 
B
r
  magnetic field. 
 
Due to the Lorentz force the electrons move along cycloidal trajectories so that the 
electrons are trapped close to the target. There, the ionisation of the gas is increased 
leading to a locally enhanced impingement of sputter ions on the target. Thus, an 
erosion track is formed in the target [Ohr2002]. 
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3.2 Thin Film Formation 
 
The film properties depend on the deposition process and the condition during 
film formation. The formation of thin films will be discussed in the following 
chapter. In the sputtering process particles are eroded from the target and form a 
vapour. For the formation of a thin film the vapour particles condense on the 
substrates. Beside the target material other particles from the plasma reach the 
substrate, depicted in Figure 3.9 [Mat1989]. At the cathode reflected neutrals and ions 
of the gas as well as negatively charged ions of the reactive gas and electrons can 
bombard the substrate and have an influence on the growing film. 
 
 
Figure 3.9 Particles impinging on the substrate: Sputtered target atoms and ions, 
from the target reflected ions and neutrals of the gas, secondary electrons formed at 
the target surface and photons. 
 
 
The film formation can be described as sequence of several growth states. At first, 
single atoms sputtered from the target are adsorbed at the substrate surface. They 
move along the substrate surface (diffusion) until they rest at a stationary position. 
When adatoms come together they then build nuclei. This growth state is called 
nucleation. The nuclei further grow and finally form a continuous thin film. The 
growth of the nuclei to a continuous film is called coalescence [Kle2007, Sar2008].  
Upon film growth in thermodynamical equilibrium the adatoms rest at the 
position where their potential energy is minimised. The corresponding energy term 
Δγ is [Kle2007, Mic2004] 
 
Sid γγγγΔ −+= , 
 
γd  surface free energy of the deposit 
γi  surface free energy of the interface 
γS  surface free energy of the substrate. 
 
According to the balance between the surface free energy of the deposit, of the 
interface and of the substrate, respectively, there are three basic modes for the 
growth of thin films [Kle2007, Nga2004]: 
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a) 0>γΔ  Sid γγγ >+⇒ , 
b) 0=γΔ  Sid γγγ =+⇒ , 
c) 0<γΔ  Sid γγγ <+⇒ , 
 
γd  surface free energy of the deposit 
γi  surface free energy of the interface 
γS  surface free energy of the substrate. 
 
The three growth modes are depicted in Figure 3.10.  
In case (a) the deposited material is more strongly bound to itself than to the 
substrate. Energetically, the film preferably covers the substrate surface as little as 
possible. The nuclei incorporate further impinging atoms and grow to islands. This 
growth mode is called island growth mode (or Volmer-Weber).  
The opposite occurs for case (b) for so-called layer growth (or Frank-Van der 
Merwe). The nuclei only grow in two dimensions, forming layer by layer on the 
substrate with the second layer less tightly bound to the first monolayer. This growth 
mode occurs in homoepitaxial growth. 
Case (c), the layer plus island growth (or Stranski-Krastanov) is a combination of 
the island and the layer growth modes. First, the film preferably covers the substrate 
as much as possible until a monolayer completely covers the substrate. After the 
growth of a few monolayers, the influence of the free energy of the substrate 
vanishes and the growth of islands is more favourable [Sar2008, Ohr2002].  
 
 
Figure 3.10 Growth mode of thin films depending on the balance of the surface free 
energy of the deposit, of the interface and of the substrate, respectively. (a): Island 
growth (Volmer-Weber), (b): layer growth (Frank-Van der Merwe) and (c): layer plus 
island growth (Stranski-Krastanov). 
 
 
Films deposited by sputtering grow far from thermodynamical equilibrium. A 
high deposition rate and a low substrate temperature do not allow the adatoms to 
find the position where their potential energy is minimised. The film growth is 
mainly determined by kinetic processes and in the general case the films form by 
island growth [Kle2007].  
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After nucleation and coalescence the film continues to grow and a specific film 
structure evolves. The structure of the thin film depends on process parameter, such 
as deposition pressure, ion bombardment and ratio of substrate temperature TS to 
melting temperature TM of the material, the homologous temperature TS/TM 
[Ohr2002]. Figure 3.11 shows the influence of process parameters on the structural 
formation of films [Tho1975].  
 
 
Figure 3.11 Structure of sputtered thin films depending on the homologous 
temperature (TS/TM) and on the deposition pressure (taken from [Tho1975]).  
 
 
Movchan and Demchishin divide the structures observed from vapour deposited 
films into three zones depending on the homologous temperature. Zone I (TS/TM < 
0.3) consists of porous films with inverted cone like morphology. The structure of 
films of zone II (0.3 < TS/TM < 0.45) is columnar and tightly packed. Surface diffusion 
is important for the formation of this structure. In zone III (TS/TM > 0.5) the film 
structure is characterised by recrystallisation and volume diffusion [Mov1969].  
Thornton extends the structure zone model for sputtered films by the influence of 
the deposition pressure. In dc and rf diode sputtering a high pressure is used for the 
ionisation of the Ar gas. The high pressure is leading to a high scattering of particles 
and a reduced deposition rate. The pressure also has an influence on the structure 
formation of thin films due to less energetic impact on the growing film. A transition 
zone (zone T) between zone I and II is included where the film structure exhibits 
fibrous grains densely packed. In Figure 3.11 the structure zones are depicted 
depending on the deposition pressure and homologous temperature [Tho1975].  
 
During the sputter deposition the growing film is bombarded by energetic 
particles of the plasma, such as electrons or negative ions. For the structure zone 
model a higher ion bombardment can be compared to a reduced pressure [Ohr2002]. 
In Figure 3.12 the effects of energetic bombardment on a growing film are depicted. 
 22 
At moderate energies, bombarding ions cause a smoothing and densification of the 
growing film due to backscattering and resputtering effects. Impinging ions can also 
be implanted leading to displacements and lattice defects [Ohr2002, Sar2008].  
 
 
 
Figure 3.12 Energetic bombardment effects on a growing film (adopted from 
[Sar2008]). 
 
 
Mechanical stress in thin films 
 
The growth of thin films deposited by PVD is dominated by kinetic processes. 
Sputtered films typically experience an intense ion bombardment leading to defects. 
As a result, residual stresses in thin films occur for maintenance of mechanical 
equilibrium of force and bending moment between film and substrate [Sar2008]. In 
Figure 3.13 the generation of intrinsic stress during deposition is presented. 
 
 
Figure 3.13 Formation of residual stresses in thin films. (a): Tensile stress and (b): 
compressive stress (adopted from [Ohr2002]). 
 
 
Tensile stresses occur when the growing film shrinks relative to the substrate 
dimension, depicted in Figure 3.13 (a). For compatibility film and substrate need the 
same length. Thus, the film stretches and the substrate is contracted leading to a 
concave upward bending of the film-substrate system. Likewise, when the growing 
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film expands (depicted in Figure 3.13 (b)) the film is compressed and the substrate 
stretched forming a convex outward bending [Ohr2002].  
 
In polycrystalline films origins of residual stress are coalescence of the crystal 
islands and recrystallisation effects [Ohr2002]. Tensile stress can be caused by 
relaxation of grain boundaries. In order to close gaps between single grains, the 
grains interact leading to smaller grain boundaries. The contraction at the boundary 
results in tensile stress in the film [Hof1976]. Other origins of tensile stress are 
shrinkage of the film due to grain growth, recrystallisation, phase transformation or 
defect annihilation [Cha1972, Ohr2002].  
Compressive stresses occur if the amorphous system or the crystal lattice of the 
film expands. Lattice expansion is caused by ion bombardment in the sputtering 
process. Results of the ion bombardment are implantation of the particles into the 
film, displacement of film atoms to interstitial positions and lattice defects.  
The residual stress results from three contributions [Pau2001] 
 
thie σσσσ ++= , 
 
σ  residual mechanical stress 
σe  extrinsic stress 
σi  intrinsic stress 
σth  thermal stress. 
 
The intrinsic stress of films grown by PVD depends on the microstructure of the 
films. The microstructure is displayed by the morphology, texture, grain size as 
described by the structure zone model [Tho1975]. The intrinsic stress varies with the 
impact energy per atom Pn, as depicted in Figure 3.14 and is divided into three 
regimes corresponding to continuous, amorphous or polycrystalline films deposited 
at low temperature [Pau2001].  
 
 
Figure 3.14 Idealised intrinsic stress depending on the impact energy per 
condensing atom, the normalised momentum Pn (taken from [Pau2001]). 
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At low energy (Zone A: 0.1-1 eV) the intrinsic stress originates from non-energetic 
particles [Pau2001]. Due to relaxation of grain boundaries tensile stress appears. The 
contraction at the grain boundary results in tensile stress in the film. The elastic strain 
in the film depends on the grain boundary relaxation distance and the grain size 
[Hof1976] 
 
ευσ ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= f
f
i 1
Y
, 
D
A=ε , 
 
σi  intrinsic stress 
Yf  Young’s modulus of the film 
νf  Poisson’s ratio of the film 
ε  strain 
A  grain boundary relaxation distance 
D  grain size. 
 
In the moderate energy regime (Zone B: 1-20 eV, shown in Figure 3.14) 
compressive stress arises due to the impact of energetic particles [Pau2001]. Due to a 
densification of the film, compressive stress occurs as described by the atomic 
peening model [dHe1989]. The energetic bombardment of the film causes a 
displacement of the atoms from their equilibrium position via collisions. The 
displacement of atoms in the film produces a volumetric distortion. At low substrate 
temperatures the mass transport and defect mobility are low, resulting in the freezed 
volumetric distortion in place. The volumetric distortion is resulting in strain and is 
proportional to the fractional number of atoms displaced from their equilibrium 
position. The stress is calculated by [Win1992, Pau2001] 
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79.4k δ= , 
 
σi  intrinsic stress 
Yf  Young’s modulus of the film 
νf  Poisson’s ratio of the film 
mt  mass of film atoms (= target atoms) 
Df  mass density of the film 
EP  kinetic energy of the energetic particles 
Pφ   flux of the energetic particles 
k  factor containing numerical constants and Avogadro’ number 
δ  numerical constant 
NA  Avogadro’s number. 
 
The densification of films by ion bombardment results in the formation of 
compressive stress. The energetic ions cause atoms to be implanted below the surface 
of the film by knock-on-processes [Dav1993]. In the model proposed by Davis, at 
high energy (Zone C: > 25 eV, depicted in Figure 3.14) the stress is reduced by 
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thermal spikes that cause the displacement of implanted atoms [Dav1993, Pau2001]. 
The implanted atoms are located in metastable position. Presumably, the implanted 
atoms that acquire more than some excitation energy will escape from their 
metastable position to the surface of the film. This intense local heating is referred to 
as thermal spike. The compressive stress is then expressed by [Dav1993] 
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σi  intrinsic stress 
Yf  Young’s modulus of the film 
νf  Poisson’s ratio of the film 
EP  kinetic energy of the energetic particles 
Pφ   flux of the energetic particles 
cφ   flux of atoms condensed on the surface and incorporated in the film 
ka  factor 
ρ  material dependent parameter 
Ed  excitation energy.  
 
Besides the intrinsic stress extrinsic stress can contribute to the residual stress in 
thin films. Various molecules can penetrate voids or open pores in a porous film and 
adsorb in the pores of the films. Interaction forces act between the adsorbed particles, 
particularly if the adsorbed particles are polar species, for example water. Hirsch 
developed a model for polar adsorbates based on the interaction forces between the 
adsorbed polar particles on the pore wall [Hir1980]. The dipole interaction force 
scales inversely with the pore size H [Hir1980, Win1992] 
 
H10
h6
F
St
2
p επ
β= , 
 
Fp  dipole interaction force 
β  dipole moment per unit pore area 
h  height of the pore 
H  pore size 
εSt  static dielectric constant. 
 
An additional source of stress is thermally entailed. Different thermal expansion 
coefficients of film and substrate lead to additional stress. The thermal stress is 
proportional to the difference of ambient and deposition temperature [Pau2001] 
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σth   thermal stress 
Yf  Young’s modulus of the film material 
υf  Poisson’s ration of the film material 
αS  thermal expansion coefficient of the substrate 
αf  thermal expansion coefficient of the film material 
ΔT  difference between ambient and deposition temperature 
T  temperature 
TS  substrate temperature during deposition. 
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4 Experimental Methods 
 
For the application of thin films as TCO the electrical and optical properties play 
an important role. Therefore, thin TCO films have been prepared and analysed 
regarding their optical, electrical and structural properties. The electrical properties 
are resistivity, mobility and concentration of charge carriers. Beside good electrical 
properties for TCO application, the optical properties are important, such as 
transmittance, absorption, band gap and refractive index. For structural analysis, the 
crystal structure, density, stoichiometry and mechanical stress have been 
determined. 
 
4.1 Preparation of Thin Films 
 
Thin films studied in this work have been prepared by reactive dc magnetron 
sputtering (MS) in a home made sputter system (depicted in Figure 4.1). The setup 
exists of a stainless steel chamber evacuated by a pumping system consisting of a 
turbo molecular pump and membrane pump. Prior to deposition the chamber has 
been evacuated to a base pressure of less than 5 × 10-4 Pa.  
 
 
Figure 4.1 Magnetron sputtering system. 
 
 
The sputter system can be equipped with six cathodes that are located at the 
bottom plate of the system. For deposition the cathode is connected to an Advanced 
Energy Pinnacle dc power supply. The substrate holder is a rotatable metal plate 
where 24 substrates with a size of 76 × 24 mm can be placed. A shield with a hole of 
76 × 24 mm is located between cathode and substrate holder so that only one 
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substrate is positioned vertically above the target. When rotating the substrate 
holder, all substrates can be sequentially coated. Substrates used for the deposition in 
this work are glass and graphite of different sizes, depending on the subsequent 
measurement requirements. 
 
The sputter chamber is equipped with a lambda probe to determine the oxygen 
partial pressure. The lambda probe consists of a zirconia membrane which is in 
contact with the atmosphere to be measured on one side and with air as reference gas 
on the other side. Above 650°C the zirconia membrane becomes conducting for 
oxygen ions, a potential difference between the two sides of the zirconia membrane is 
measured [Was2010] 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
)O(p
)air,O(p
ln
Fz
TR
U
2
2
e
0
λ ,  
 
Uλ  potential difference of the lambda probe 
R0  universal gas constant 
T  absolute temperature 
ze  number of electrons transferred (= 4) 
F  Faraday constant 
p(O2,air) oxygen partial pressure of air 
p(O2) oxygen partial pressure. 
 
 
Post deposition heat treatment 
 
Subsequent to the deposition a heat treatment of the films can be performed. The 
samples can be annealed in different atmospheres. In order to prevent oxidation of 
the samples the annealing is carried out in vacuum or in argon atmosphere. To 
determine the influence of oxygen, the samples are annealed in oxygen or air. Some 
of the measurement setups are equipped with a heating unit, so that properties can 
be analysed in-situ during annealing.  
Additional heating experiments can be performed with a tube furnace (from 
Lindberg Blue Modell). Samples are placed on a glass plate in the middle of the tube 
furnace which is flushed by gas. The temperature is set by a control unit and 
measured by a thermocouple. Alternatively, annealing experiments can be 
performed employing the substrate heater existing for the sputter chamber. The 
heating unit is a Tectra Boralectric heater consisting of three segments. A controller 
sets the temperature that is measured by a thermocouple. Three samples of 
76 × 24 mm can be positioned under the substrates heater and simultaneously 
annealed. 
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4.2 Electrical Measurements 
 
In order to determine the electrical properties, resistivity, mobility and 
concentration of carriers in the TCO material have been analysed. Methods 
employed are 4-point probe resistivity and Hall measurements.  
 
4.2.1 Resistivity Measurements 
 
The resistivity of the film has been measured using the method of van der Pauw 
[Pau1958]. Four probe contacts are used for the resistance measurement of the 
sample, as depicted in Figure 4.2. For the measurement a current is applied to two 
contacts, while the voltage is determined between the other two contacts. This 
method enables the measurement of the resistance of the sample without the 
influence of the internal resistance of the measurement setup (e.g. wires and 
contacts).  
 
 
Figure 4.2 Contact geometry of resistivity measurements using the 4 point probe 
method of van der Pauw. A current is applied to two of the contacts, while the 
voltage between the other two contacts is determined (taken from [Woe2003]). 
 
 
Requirements for the measurement are point-shaped contacts at the 
circumference of the sample, an enclosed film homogeneous in thickness and a 
resistive characteristics (linear U-I curve). The resistance of a material is measured 
with two different contact geometries [Pau1958, Woe2003] 
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ρ  resistivity 
df  film thickness 
Uxy voltage between contact x and y 
I  current 
f(Q) correction factor  
Q  symmetric factor. 
 
The symmetric factor Q is defined by 
 
⎪⎪⎩
⎪⎪⎨
⎧
>
<
=
2343
23
43
2343
43
23
UUfor
U
U
UUfor
U
U
Q . 
 
The limit of the approximation of the correction factor is Q = 10. In the optimal 
case the correction factor is 1.  
Also, it is possible to measure the resistivity as a function of the temperature. The 
resistivity measurement setup is inserted into the Lindberg Blue Modell tube furnace. 
The sample can be heated up to 400°C and the heating is performed in argon 
atmosphere.  
 
4.2.2 Hall Measurements 
 
The resistivity of a material is characterised by the charge carrier concentration 
and their mobility due to the relation [Hue2005] 
 
en
1
μρ = , 
 
ρ  resistivity 
n  charge carrier concentration 
μ  carrier mobility 
e  elementary charge. 
 
When applying a magnetic field vertical to the substrate surface, an electric field 
is induced perpendicularly to the magnetic field and the current, see also Figure 4.3. 
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Figure 4.3 Scheme of the measurement of the Hall effect: Applying a magnetic 
field B perpendicularly to the sample and the current I induces the Hall voltage UH 
(taken from [Iba2009]).  
 
 
From the Hall voltage the carrier concentration can be determined by 
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UH  Hall voltage 
Bz  magnetic field (in z direction) 
Ix  current (in x direction) 
n  carrier concentration 
e  elementary charge 
df  film thickness. 
 
Employing the method of van der Pauw, besides the resistivity the mobility can 
be determined when a magnetic field is vertically applied to the sample [Pau1958] 
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μ  mobility 
df  film thickness 
Bz  magnetic field 
ΔU42 difference of the voltage after applying a magnetic field 
ρ  resistivity 
I  current. 
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4.3 Optical Measurements 
 
Besides the electrical properties, the optical properties are important for the 
application of thin films as TCO material. The optical properties have been analysed 
by means of optical measurements. Transmittance, reflectance and ellipsometry 
measurements have been performed. The optical properties such as band gap, 
refractive index, and absorption cannot be directly determined from the 
measurements. The optical data have to be further analysed and evaluated by optical 
models. Therefore, the optical spectra have been simulated using the optical model 
(OJL model) proposed by O’Leary et al. [OLe1997]. 
 
4.3.1 Transmittance and Reflectance Measurements  
 
The transmittance and reflectance data were measured using a Perkin Elmer 
Lambda25 spectrometer. The spectrometer consists of two beams so that the probing 
beam is continuously compared to the reference beam. Before the measurement a 
calibration of the beam intensities is performed. For the transmittance measurement 
the sample is vertically positioned into the beam and the transmitted intensity is 
detected. When measuring the reflectance, the sample is positioned into the 
reflectance unit where the beam is incident to the sample under an angle of 8°.  
 
 
Figure 4.4 Beam path of transmitted and reflected light passing a thin film on a 
glass substrate. 
 
 
The beam path of the transmitted and reflected light passing a thin film deposited 
on a glass substrate is schematically shown in Figure 4.4. At the interface between 
two media the light is divided into a transmitted and a reflected beam. Upon 
multiple reflections, the beams interfere with each other.  
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Figure 4.5 Transmittance and reflectance measurement curve of the glass substrate 
and a SnOx:Sb film of 300 nm thickness. 
 
 
During the measurement the wavelength is decreased from 1100 nm to 190 nm, so 
that the energy has the range from 1.1 to 6.5 eV. A transmittance and reflectance 
curve with the typical interference characteristics is shown in Figure 4.5.  
From the transmittance measurement the average transmittance in the visible 
range of light (380-780 nm) has been calculated to determine the transparency of the 
film. The transmittance data consist of the transmission of the films plus glass 
substrate. 
 
4.3.2 Spectroscopic Ellipsometry 
 
In spectroscopic ellipsometry polarised light is reflected from the sample (see 
Figure 4.6). The incident light is linearly polarised and the electric field exists of 
complex components (Ēip, Ēis) in p and s direction. The polarisation of the reflected 
beam is detected; the reflected electric field consists of the complex components (Ērp, 
Ērs).  
 
Figure 4.6 Principle of spectroscopic ellipsometry (taken from [Woo1995]). 
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The complex ellipsometric ratio is obtained by [Sar2008] 
 
)iexp(tan Δψξ ⋅= , where 
isrs
iprp
E/E
E/E
tan =ψ  and sp δδΔ −= , 
 
ξ  complex ellipsometric ratio 
ψ  differential change of amplitude 
Δ  differential change of phase 
Eip, Eis electric field vector of the incident light in p and s direction 
Erp, Ers electric field vector of the reflected light in p and s direction 
δp  phase shift in p direction 
δs  phase shift in s direction. 
 
The ellipsometry spectra were recorded using a Woollam M-2000UI rotating 
compensator ellipsometer at three angles of incidence of 50°, 60° and 65°, 
respectively. The energy is in the range from 0.73 to 5.13 eV.  
The advantage of the method is a very fast and non-destructive measurement to 
determine many different optical film properties, e.g. refractive index, absorption, 
band gap, film thickness and film roughness. Therefore, the optical data have to be 
modelled, see the following section. 
 
4.3.3 Modelling of the Optical Spectra 
 
In order to extract optical properties such as absorption, band gap, refractive 
index and extinction coefficient, the optical spectra have to be further evaluated. 
After recording the optical data the optical transmittance, reflectance and 
ellipsometry spectra have been further analysed. The dielectric function has to be 
modelled in order to obtain the refractive index and extinction coefficient. The optical 
data have been modelled using the OJL model [OLe1997] implemented in the 
program SCOUT [The2003].  
 
 
Figure 4.7 Scheme of the density of states according to the OJL model (according 
to [OLe1997]). 
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The regions of the density of states and the parameter used in the OJL model are 
schematically shown in Figure 4.7. In an amorphous semiconductor the valence and 
conduction band do not exhibit the defined edge given by a simple parabolic band. 
Into the band region there exist tail states that exponentially decay into the band gap 
region. In the OJL model the optical fit parameter gamma represents the density of 
tail states reaching into the optical band gap. For the valence and conduction band 
region the densities of states are given by [OLe1997] 
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N(E) density of states 
E  energy 
m*  effective mass 
ħ  Planck constant 
γ  width of band tail 
EC  energy of conduction band  
EV  energy of valence band.  
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4.4 Structural Analyses 
 
Generally, for TCO materials the electrical and optical properties are closely 
related to the structure of the films. In order to link the electrical and optical 
properties of films investigated in this work to the film structure, the structural 
properties have been determined besides the electrical and optical properties. 
Structural measurements have been carried out to analyse the density, 
microstructure and stoichiometry of the films. Methods employed are X-ray 
reflectivity, X-ray diffraction and Rutherford backscattering. 
 
4.4.1 X-ray Reflectivity 
 
Using the structural analysis method X-ray reflectivity (XRR) the density, 
roughness and thickness of thin films can be determined [Wei2002]. In XRR the X-ray 
beam is reflected and refracted at the sample surface. Conform to optical 
measurements the complex refractive index in the X-ray range is given by 
 
ki1n~ +−= δ , 
 
ñ  complex refractive index 
δ  ≈ 10-5 [Wei2002] 
k  extinction coefficient. 
 
At very low angles (0°-θc) the X-ray is totally reflected at the interface between air 
(n ≈ 1) and the film surface (n < 1) according to Snell’s law. When the glancing angle 
θ transcends the critical angle θc, the X-ray beam is refracted into the material, the 
detected intensity decreases. The density of the material can be determined from the 
critical angle θc 
 
ρθ ~c , 
 
θc  critical angle of total reflection 
ρ  density. 
  
At angles above the angle of total reflection the beam is refracted into the film and 
is reflected at the interface of film and substrate. Depending on the angle 
interferences occur observed as oscillations of the detected intensity, as depicted in 
Figure 4.8. The thickness and roughness of the film can be determined from these 
oscillations and their damping, respectively. The thickness can be determined from 
the Bragg’s equation for the difference between two oscillation maxima and is given 
by 
 
θΔλ sind2z = , 
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z  integer 
λ  wavelength of the X-ray 
d  lattice spacing 
Δθ  difference in angle between two maxima. 
 
The XRR measurements have been performed using a Philips X’Pert pro MRD 
diffractometer equipped with a Cu Kα X-ray source. The data have been evaluated 
with the program Philips WinGixa [Phi1998].  
 
 
Figure 4.8 A typical XRR curve and fit of the data. 
 
 
4.4.2 X-ray Diffraction 
 
For the analysis of the crystal structure samples are analysed by X-ray diffraction 
(XRD). In XRD monochromatic X-radiation with a defined wavelength is used to 
probe the sample. The measurements are performed employing a Philips X’Pert pro 
MRD diffractometer equipped with a Cu Kα X-ray source.  
The X-rays are reflected from atomic planes of the crystal lattice and interfere 
with each other. For constructive interference diffraction pattern appear according to 
Bragg’s law 
 
θλ sind2z = , 
 
z  integer 
λ  wavelength of the X-ray 
d  lattice spacing 
θ  scattering angle. 
 
The lattice spacing of a crystalline sample is determined by the crystal orientation 
and the unit cell of the crystal lattice. In an orthorhombic structure the lattice spacing 
is given by 
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dhkl  lattice spacing 
h, k, l Miller indices 
a, b, c constants of the unit cell.  
 
The structure of many materials is known; their powder diffraction files are listed 
in databases [PDF1999]. Comparing the analysed lattice spacing of the film material 
to the lattice spacing of the database, the expansion or contraction of the lattice can be 
determined. Then, the strain within the films is calculated by [Fre2003, Ohr2002] 
 
0
0hkl
d
dd −=ε , 
 
ε  strain 
dhkl  analysed lattice spacing of the film 
d0  lattice spacing of the unstressed material (powder reference). 
 
From the XRD patterns the minimum grain size can be estimated since the full 
width half maximum FWHM necessary for the grain size determination is affected 
by grain size and microstrain [Kej1982, Lan1978] 
 
θ
λ
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9.0
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D  grain size 
λ  wavelength 
FWHM full width half maximum 
θ  diffraction angle. 
 
Besides the peak broadening caused by the grain size, the FWHM of the X-ray 
peak is enlarged by local variations of the lattice spacing. The local variations of the 
lattice spacing lead to an average non-uniform strain described by [Mad1970, 
Mer2004] 
 
θε tan2FWHM v= , 
 
FWHM full width half maximum 
εv  average non-uniform strain 
θ  diffraction angle. 
 
For the XRD measurement different geometries are used. Depending on the 
angular position of sample and detector in respect to the incident X-ray beam the 
measurement geometry is varied. In Figure 4.9 two common geometries are depicted. 
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Figure 4.9 Geometries of X-ray diffraction measurements: Bragg-Brentano (a) and 
grazing incidence (b). The X-ray tube, sample and detector are denominated by the 
capital letters R, M and D, respectively (taken from [Wei2002]). 
 
 
In Bragg-Brentano (BB) geometry, the glancing angle to the sample is ω = θ, while 
the angle to the detector is 2θ. Using the BB-geometry diffraction of lattice planes 
parallel to sample surface are detected. The XRD scans in Bragg-Brentano geometry 
were performed varying 2θ in the range from 20° to 80°. 
In grazing incidence (GI) XRD the glancing angle to the sample ω is kept constant 
at a low value to increase the irradiated volume of the film material. For measuring 
the detector angle 2θ is varied. Thus, diffraction patterns of randomly oriented planes 
are detected. GI XRD measurements are employed for analysis of polycrystalline thin 
films [Wei2002]. 
 
4.4.3 Rutherford Backscattering 
 
For the investigation of oxides the composition of the material strongly affects 
other structural properties. According to the stoichiometry the films might be 
deficient of oxygen resulting in amorphous films with a high density of defects. An 
oxygen excess might lead to oxygen rich grain boundaries affecting the strain in the 
crystal film.  
 
In order to determine the film composition Rutherford backscattering 
spectroscopy (RBS) measurements have been performed. RBS relies on the elastic 
scattering of low-mass ions with a high energy (> 1 MeV) from the sample. The 
energy of the scattered ions depends on the mass of the incident ion m0 and of the 
scattering atoms m in the sample. At angle θ the energy E1 of the scattered ion is 
detected and can be calculated by [Ohr2002] 
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E1  energy of the scattered ion 
E0  energy of the incident ion 
m0  mass of the ion 
m  mass of the sample atom 
θ  scattering angle. 
 
Continuously with the penetration depth, the impinging ions lose energy through 
electronic excitation and ionisation of the sample atoms. Due to the energy losses of 
the ions a depth profile of the sample can be obtained. The composition profile 
depending on the film thickness can be determined by the energy loss dE/dx [Fel1986, 
Sar2008] 
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dE/dx energy loss 
Z  atomic number of the incident ions 
e  elementary charge 
n  electron density of the sample 
m0  mass of the incident ions 
v0  velocity of the incident ions 
I  average excitation energy of the electrons of the sample atoms. 
 
For the measurements a Tandetron accelerator was employed with 1.4 MeV 4He+ 
particles and a current of 14 nA. The backscattered 4He+ particles were detected by a 
germanium detector positioned at an angle of 170°. In total, 15 μC of He ions were 
counted for each spectrum. Simulation of the spectra was performed using the 
software RUMP [Tho2002].  
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Figure 4.10 Spectrum of a RBS measurement of a 300 nm thick SnOx:Sb film 
deposited on a graphite substrate. 
 
 
To investigate the stoichiometry of oxidic samples the substrate should not 
contain oxygen or heavier atoms than the atoms in the sample. Thus, graphite was 
used as substrate material. The concentration of the atoms can be determined with an 
accuracy of up to 0.1 at.% [Aus2011]. Figure 4.10 shows a typical spectrum of a RBS 
measurement performed of a tin oxide sample. 
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4.5 Measurements of the Mechanical Stress in Thin Films 
 
Mechanical stresses are developed during the sputter deposition of thin films. 
These stresses can lead to failure of devices and flaking of the film. During the 
sputter deposition the growing film experience an intense ion bombardment. 
Negatively charged oxygen ions are accelerated away from the cathode and bombard 
the substrate. Compressive stresses are developed due to ion implantation and 
displacement of atoms, see also chapter 3.2.  
Further stresses in thin films arise due to different thermal expansion coefficient 
of the film and substrate material. The thermal stress is proportional to the difference 
of the thermal expansion coefficients and the difference between ambient and 
deposition temperature [Pau2001] 
 
( ) T
1
Y
fS
f
f
th Δααυσ ⋅−−= , where STTT −=Δ , 
 
σth   thermal stress 
Yf  Young’s modulus of the film material 
υf  Poisson’s ration of the film material 
αS  thermal expansion coefficient of the substrate 
αf  thermal expansion coefficient of the film material 
ΔT  difference between ambient and deposition temperature 
T  temperature 
TS  substrate temperature during deposition. 
 
Experimentally, the mechanical stress in thin films has been measured employing 
the wafer curvature method. The stress is determined from the curvature of the 
sample. From the curvature radius before and after deposition the mechanical stress 
is calculated using Stoney’s equation [Sto1909]  
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σ  mechanical stress 
Y  Young’s modulus of the substrate material 
υ  Poisson’s ratio of the substrate material 
dS  substrate thickness 
df  film thickness 
RS  curvature radius of the substrate 
Rf  curvature radius of the substrate and film. 
 
Depending on the substrate material the first term of Stoney’s equation is given 
by [Ped2003] 
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GPa05.92
1
Y
glass
glass =−υ  for glass and GPa7.1801
Y
Si
Si =−υ  for silicon. 
The thickness of the substrates is dS = 150 μm.  
Compressive mechanical stresses are defined to be of a negative value. 
 
The setup for measurements of the curvature radius is depicted in Figure 4.11. 
The light from a laser diode (1) is directed by a mirror (2) onto the scanning mirror 
(3). In this component a mirror is fixed to a galvano scanner that allows the tilting of 
the mirror by application of a current. The next component is a beam splitter (4) that 
directs the beam through a plano-convex lens (5) and by a mirror (6) to the sample 
(7). The beam is reflected from the sample and directed to the detector unit (8) by 
mirror (6), through lens (5) and beam splitter (4). 
 
1
2
3
4
56
7 8
 
Figure 4.11 Setup for ex-situ stress-measurements with the beam path marked in 
red. 
 
 
In the focus of the plano-convex lens the scanning mirror and the detector are 
positioned, separated by the beam splitter. In Figure 4.12 the beam path from 
scanning mirror to the sample and the detector unit is illustrated. Depending on the 
position of the scanning mirror, the mirror reflects the beam tilted by a small angle to 
the optical axis and moves the beam stepwise from position 1 to 2. Behind the lens 
the beam continues parallel to the optical axis and hits the sample.   
When the sample has a planar surface, the beam is reflected back into the incident 
path (Figure 4.12 a). Because the detector is positioned in focal distance, the beam is 
focused into one point at the detector for all angles.  
When the sample is curved, as shown in Figure 4.12 (b), it depends on the 
position of the scanning beam on the sample in which direction the light is reflected. 
The different beams are not focused in one point and move along a line on the 
detector. 
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Figure 4.12 Beam path of the reflected light (a): for a sample with a planar surface 
and (b): for a curved sample (adopted from [Ped2003]). 
 
  
The curvature radius R can be calculated by following formula [Ped2003] 
 
f
R2
s
x = , 
 
x scan length on the detector 
s scan length on the sample 
R curvature radius 
f focal length of the plano-convex lens. 
 
For the measurement of the mechanical stress depending on the temperature, the 
sample is heated in a vacuum chamber during the measurement. The curvature 
radius of the sample Rf in Stoney’s equation is then a function of temperature Rf(T).  
The sample stage for heated stress experiments is composed of a copper plate that is 
in direct mechanical contact with a Tectra Boralectric heater. Due to its thermal 
conductivity copper heats the sample positioned on the copper sample stage. 
 
 
Temperature calibration 
 
The sample is positioned onto the copper sample stage. The temperature of the 
sample differs from the temperature measured at the copper plate in the setup due to 
a low thermal conductivity of the glass substrate. In order to determine differences 
between the temperature of the sample stage and the sample itself a calibration of the 
temperature has been carried out. The temperature of the sample stage is measured 
by a thermocouple connected to it. Another thermocouple (type K) with a diameter 
of 76 µm has been glued onto a glass substrate, so that the temperature of the 
substrate surface was measured. A heating ramp of 5 K/min up to 500 °C, a dwell of 
10 min and a cooling rate of -5 K/min have been set. Figure 4.13 shows the 
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temperature of the set point in black, the temperature of the sample stage in red and 
the surface temperature of the glass substrate in blue.  
 
 
Figure 4.13 Temperature of the copper sample stage and the substrate surface. A 
heating ramp of 5 K/min up to 500°C, a dwell of 10 min and a cooling ramp of -
5 K/min have been set. The sample stage follows the set point, while the substrate 
heats up with a lower ramp of 4.5 K/min up to 440°C.  
 
 
After a short overshoot to 70°C, the temperature of the sample stage accurately 
follows the set point. For decreasing temperature below 200°C, the temperature is not 
controlled any more due to the low heat dissipation in vacuum. The temperature of 
the substrate surface is lower than the temperature of the sample stage due to a lower 
heat conduction of glass. The substrate is heated up with 4.5 K/min and the 
temperature of the substrate surface reaches 440°C; 60°C less than the stage. When 
cooling down, the temperature decreases with a rate of -4.3 K/min.  
 
 
Figure 4.14 Temperature of the glass substrate as a function of the temperature of 
the sample stage. A linear fit (green curve) enables the determination of the substrate 
temperature from the stage temperature. 
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The temperature of the glass substrate can be related to the temperature of the 
sample stage (see Figure 4.14). The glass temperature linearly increases with the 
temperature of the sample stage. Using a linear fit, it is possible to calculate the 
substrate temperature from the temperature of the sample stage.  
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5 Investigation of SnOx:Sb Films as Alternative TCO 
 
In this chapter the results of the sputter deposition of SnOx:Sb as alternative TCO 
material to ITO are presented. The first section deals with the sputter process of 
SnOx:Sb thin films, including a survey of the different process parameters applied in 
this study. The second part reports on the properties of the SnOx:Sb films in their as 
deposited state. In the subsequent section further variations of the process 
parameters and their influence on film properties are presented. In the forth section 
the results of post annealing of SnOx:Sb films are described. The last part reports on 
the variation of the doping concentration and its influence on the film properties of 
SnOx:Sb. 
 
5.1 Sputter Deposition of SnOx:Sb 
 
For the sputter deposition a planar metallic tin target of 75 mm diameter was 
used, with a doping concentration of 1 wt.% antimony. The target-to-substrate 
distance was fixed to 55 mm. Prior to deposition, the system was evacuated to a base 
pressure of less than 5 × 10-4 Pa.  
 
Process parameters   The parameters during sputtering were a total pressure of 
1.3 Pa and a constant target current of 250 mA. The oxygen flow was varied from 0 to 
40 sccm to grow SnOx:Sb films with 0 ≤ x ≤ 2. The oxygen content in the sputtering 
gas is characterised by the ratio of the oxygen flow (O2) to the total gas flow 
(Ar + O2). The deposition was performed at low temperature without any additional 
heating of the substrates. During deposition the temperature was measured using 
temperature indicating tapes adhered to the substrate surface. The temperature was 
found to be in the range 65-77°C. In Figure 5.1 (a) the target voltage is shown as a 
function of the oxygen content in the sputtering gas.  
 
Target voltage   When a small content of oxygen (< 5%) is introduced into the 
sputtering atmosphere (depicted by the dark grey open symbols in Figure 5.1 (a)), 
the target voltage abruptly increases probably due to a different secondary electron 
emission coefficient of the oxidised tin target compared to that of the elementary 
metal tin target. The target voltage increases by 80 V from 290 V to 370 V and reaches 
a maximum in voltage for 5% oxygen in the sputtering gas. Exceeding 5% oxygen 
content in the sputtering gas, the target voltage steadily decreases with increasing 
oxygen content to a minimum in voltage of 270 V at 25% oxygen content. At oxygen 
contents larger than 25%, the target voltage linearly increases with increasing oxygen 
content. Upon decreasing the oxygen content starting from 50%, as depicted by the 
grey curve with closed symbols in Figure 5.1 (a), the target voltage behaves in the 
same manner as for increasing oxygen content and linearly decreases, until it reaches 
the minimum at 25% oxygen content in the sputtering gas. By a further decrease of 
the oxygen content, the target voltage increases showing a hysteresis in the region 
between 20% and 5% oxygen content in the sputtering gas. Hence, the maximum of 
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the target voltage of 350 V is shifted to a lower amount of oxygen in the sputtering 
gas.  
 
 
Figure 5.1 Process parameters of reactive dc MS from a metallic Sn:Sb (99:1) target 
at a sputtering pressure of 1.3 Pa and a constant sputter current of 250 mA. (a): 
Target voltage, and as an inset, the oxygen partial pressure measured by a lambda 
probe as functions of the oxygen content. (b): Deposition rate as a function of the 
oxygen content in the sputtering gas. 
 
 
Oxygen partial pressure   In the inset in Figure 5.1 (a), the oxygen partial 
pressure is depicted as a function of the oxygen content in the sputtering gas. The 
oxygen partial pressure was determined by a lambda probe (for the working 
principle see chapter 4.1). The oxygen partial pressure linearly increases with 
increasing oxygen content in the sputtering gas, irrespective of increasing or 
decreasing oxygen content (presented by the dark and grey curve in Figure 5.1). 
Because of this linear behaviour there is no transition point apparent where the 
composition of the sputtered material changes.  
 
Deposition rate   The deposition rate also belongs to the process parameters 
investigated in this work, shown in Figure 5.1 (b) as a function of the oxygen content 
in the sputtering gas. At low oxygen content the deposition rate has a high value of 
132 nm/min. With increasing oxygen content the deposition rate steadily decreases. 
At 17% oxygen content the deposition rate is 82 nm/min and further decreases to 
40 nm/min at 25% oxygen content. Above 25% oxygen content the slope of the 
deposition rate changes. Upon further increasing oxygen content the deposition rate 
decreases more slowly. 
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Summary and Conclusion 
 
The process parameters of SnOx:Sb show a distinct behaviour. A hysteresis is 
apparent in the target voltage but not in the oxygen partial pressure.  
Maybe the hysteresis only appears in the target voltage because tin oxide is a soft 
oxide. There are several oxidation states of SnOx (see also chapter 2). Thus, the 
hysteresis probably takes place for the formation of a lower oxidic state than SnO2. 
The oxidic and metallic sputtering modes are not distinctively separated in the 
oxygen partial pressure maybe because a very small amount of oxygen already leads 
to the formation of an oxidic state and only small changes of the oxygen partial 
pressure change the composition of the sputtered SnOx.  
The heats of formation for SnO and SnO2 at 298 K are -68 cal/mol and 
-138 cal/mol, respectively [Bat2005]. This results in ΔH = -70 cal/mol for the reaction 
from crystalline SnO and oxygen to crystalline SnO2. The crystallisation from SnO to 
SnO2 proceeds via transformation into intermediate stoichiometries [Geu1984]. The 
thermodynamically most stable form of tin oxide is stannic oxide [Bat2005]. Probably 
at high oxygen content in the sputtering gas stannic oxide is prepared.   
From the process parameters it is not possible to conclude in which region 
different stoichiometries of tin oxide (e.g. SnO, Sn2O3 or SnO2) are prepared. For a 
detailed analysis, at different oxygen contents in the sputtering films have to be 
prepared and subsequently analysed regarding their electrical, optical and structural 
properties in order to evaluate where suitable SnOx:Sb films for the application as 
TCO are achieved. 
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5.2 SnOx:Sb Films in the As Deposited State  
 
Sputter deposited SnOx:Sb films have been analysed. Electrical, optical and 
structural analyses have been performed in order to correlate these film properties 
and to investigate the suitability of SnOx:Sb films for application as TCO material. 
SnOx:Sb films have been sputtered with thicknesses of 1400 nm, 800 nm and 300 nm 
(denoted by session A, B and C, respectively). 
 
Electrical properties: Resistivity   The results of electrical characterisation by 
means of 4-point probe resistivity measurements are presented in Figure 5.2. The 
resistivity of sputtered SnOx:Sb films decreases within a small process window of the 
oxygen content in the sputtering gas. Films prepared at low oxygen content (< 15%) 
in the sputtering gas exhibit a high electrical resistivity of about 104 Ω cm. At 16% 
oxygen in the sputtering gas the resistivity abruptly drops. The minimal value of 
resistivity is 4.9 mΩ cm at 17% oxygen in the sputtering gas. At higher oxygen 
content in the sputtering gas, the resistivity steadily increases with increasing oxygen 
content, saturating at approximately 103 Ω cm for oxygen contents above 28%. 
 
 
Figure 5.2 Resistivity of SnOx:Sb films sputtered at different oxygen content in the 
sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. For comparison, 
the black line represents the resistivity of SnO2:Sb films sputtered by dc MS from a 
ceramic target, value taken from [JLe2008]. 
 
 
The minimum resistivity of 4.9 mΩ cm we found for films sputtered at 
temperatures lower than 77°C is of the same order as found in other studies of tin 
oxide doped with Sb, see Table 5.1. Jäger et al. report on a resistivity of SnO2:Sb films 
of 8.0 mΩ cm (as deposited), grown at a substrate temperature TS of 300°C, and 
2.6 mΩ cm after post annealing at 450°C for 1 h in air [Jae1998]. Gorley et al. obtained 
as deposited undoped SnO2 films with a resistivity of 1-200 Ω cm, hence failing to 
reach the required low resistivity for TCO application. However, after annealing at 
500°C for 10 min in air the resistivity decreased to 0.6-1.5 mΩ cm [Gor2005]. Further 
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studies report on tin oxide films deposited by dc MS at substrate temperatures from 
room temperature up to 600°C. The resistivity decreased with increasing substrate 
temperature during deposition [SLe2007, JLe2008, Gor2005, Onu1998]. Lee et al. 
obtained a decrease in resistivity of SnO2:Sb films from 1.2 Ω cm to 5 mΩ cm with an 
increase of the substrate temperature from 100°C to 600°C [SLe2007]. Lee also 
investigated the resistivity as a function of the oxygen concentration for dc MS from 
a ceramic target. The minimum resistivity of SnO2:Sb films was 4.9 mΩ cm for an 
oxygen content of 30% and a substrate temperature of 200°C. At higher oxygen 
contents the electrical properties of the films deteriorated [JLe2008].  
 
Table 5.1 Electrical properties of tin oxide films found in literature 
Source Process parameters Resistivity 
[Jae1998] dc MS, Sn:Sb targets, 2-8 at.% Sb, 
p = 0.21 Pa,  
TS = 280-300°C,  
47% O2 (40 sccm Ar, 36 sccm O2) 
8.0 x 10-3 Ω cm  
(as deposited), 
2.6 x 10-3 Ω cm  
(annealing in air at 450°C for 1h) 
[Gor2005] dc MS, Sn target, undoped, 
p = 0.13-7.98 Pa, 
TS = r.t.-200°C,  
79% Ar, 21% O2 
1-200 Ω cm  
(as deposited), 
1.5 x 10-3-6 x 10-4 Ω cm 
(annealing at 500°C) 
[SLe2007] dc MS, SnO2:Sb target, 6 wt.% Sb,  
p = 0.67 Pa,  
TS = 100-600°C,  
dc power = 100-200 W 
decrease from 1.2 x 100 Ω cm  
to 5 x 10-3 Ω cm  
(TS increased from 100°C 
to 600°C) 
[JLe2008] dc MS, SnO2:Sb2O3 target, 
5 wt.% Sb2O3,  
p = 0.67 Pa, 
TS = r.t.-200°C,  
0-50% O2/Ar 
4.9 x 10-3 Ω cm 
(30 % O2, 200°C),  
resistivity increased with higher 
O2-ratio 
[Onu1998] dc MS, SnO2:Sb target, 5 wt.% Sb, 
TS = 150-400°C, 
p = 0.67-5.3 Pa (Ar + O2) 
8 x 10-3 Ω cm, 
resistivity decreased with 
temperature due to a bigger grain 
size and less boundaries 
[Goo1984] rf MS, Sn target, undoped, 
rf power = 50 W, 
p(O2) = 3.3-4 mPa 
3.2 x 10-3 Ω cm 
 
[Stj1990] rf MS, Sn target, undoped, 
rf power = 30 W,  
p = 0.5 Pa, 
6.8% O2/Ar = 6.4% O2/(Ar+O2) 
2.8 x 10-3 Ω cm 
[Stj1994] rf MS, Sn:Sb target, 0-8 at.% Sb, 
rf power = 60 W, 
p = 0.5 Pa, 
TS = 23-520°C, 
12% O2/Ar = 10.7% O2/(Ar+O2) 
3.8 x 10-3 Ω cm,  
1.3 x 10-3 Ω cm  
(8 at.% Sb and TS = 530°C) 
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Employing reactive rf MS of tin oxide, also a minimum in resistivity was 
observed depending on the oxygen content [Goo1984, Stj1990, Stj1994, Jae1998]. 
Goodchild et al. obtained a minimum resistivity of 3.2 mΩ cm for SnO2 films with a 
thickness of 60 nm sputtered at an oxygen partial pressure of 3.3-4 mPa [Goo1984], 
while Stjerna et al. found a minimum in resistivity of 2.8 mΩ cm for SnO2 films of 
1 μm thickness at 6.8% O2/Ar [Stj1990]. In [Stj1994] Stjerna et al. optimised the 
reactive rf MS process by substrate heating and doping with Sb, F or Mo. The 
minimum resistivity of undoped SnOx was 3.8 mΩ cm deposited at 12% O2/Ar onto 
unheated substrates. By doping with 8 at.% Sb, the minimum resistivity of the films 
deposited at 530°C was 1.3 mΩ cm [Stj1994]. 
 
Optical properties   In order to understand the performance of the resistivity 
further investigation of the film properties has been carried out. The optical 
properties of the SnOx:Sb films have been determined to correlate the electrical and 
optical characteristics.  
 
 
Figure 5.3 Transmission data of SnOx:Sb films sputtered at different oxygen 
contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. 
The film thicknesses were approximately 310 nm, except the thickness of 265 nm of 
the film sputtered at 16% oxygen content. The black line represents the transmission 
curve of the bare glass substrate. 
 
 
Exemplarily, in Figure 5.3 the transmission spectra of tin oxide films sputtered at 
varying oxygen content in the sputtering gas are shown as a function of the 
wavelength. The film thicknesses were approximately 310 nm except the film 
sputtered at 16% oxygen content was slightly thinner with 265 nm. In comparison to 
the spectra of the films, the transmission spectrum of the bare glass substrate is 
shown. With increasing oxygen content in the sputtering gas the absorption edge of 
the films moves to lower wavelengths. For example, the film sputtered at 11% 
oxygen content has the absorption edge around 400 nm interrelated with the yellow 
colour of the film. At higher oxygen content in the sputtering gas the absorption edge 
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is at 300 nm. From the absorption edge the band gap of the film can be determined 
(see also chapter 2). The band gap increases with increasing oxygen content.  
The shape of the edge gives information of the defect levels decaying into the 
band gap (described by the OJL model [OLe1997], see chapter 4). At high oxygen 
content the edge is sharp while at lower oxygen contents the edge becomes less 
defined. Surprisingly, at 11% oxygen content the edge is sharp again. 
These findings have to be further analysed. In order to determine the optical 
properties, the optical spectra have been evaluated using the optical model proposed 
by O’Leary et al. [OLe1997]. 
 
Transmittance   From the transmission measurements the average transmission 
in the visible range of light (380-780 nm) was determined (see Figure 5.4). Note, the 
transmission data consist of the transmission of the films plus glass substrate. At 
oxygen contents in the sputtering gas below 16% the average transmission is low, 
film thickness dependent and even slightly decreases with increasing oxygen 
content. Films deposited with a thickness of approximately 1400 nm (in session A) 
and with a thickness of 800 nm (in session B) have an average transmission below 
50%. Thinner films (session C with a thickness of approximately 300 nm) show a 
slightly higher average transmission of up to 60%. Films sputtered at 10% oxygen 
content are of yellow colour and with increasing oxygen content the colour turns to 
brown. Consequently, films sputtered at oxygen contents below 16% miss the 
requirements for transparent coatings. At 17% oxygen in the sputtering gas, the 
average transmission abruptly increases and remains constant at 75-82% upon a 
further increase of oxygen content, irrespective of the film thickness.  
 
 
Figure 5.4 Average transmission in the visible range of light (380-780 nm) of 
SnOx:Sb films sputtered at different oxygen contents in the sputtering gas from a 
metallic Sn:Sb (99:1) target by reactive dc MS. The film thicknesses were 
approximately 1400 nm, 800 nm and 300 nm, for films sputtered in session A, B and 
C, respectively. The black line shows the average transmission of the glass substrate. 
The grey vertical line shows the position of the minimum resistivity. 
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Table 5.2 Optical properties of tin oxide films found in literature 
Source Process parameters Optical properties 
[Jae1998] dc MS, Sn:Sb targets, 2-8 at.% Sb, 
p = 0.21 Pa,  
TS = 280-300°C,  
47% O2 (40 sccm Ar, 36 sccm O2) 
transmission 88%,  
increasing absorption with Sb-
content 
[Gor2005] dc MS, Sn target, undoped, 
p = 0.13-7.98 Pa, 
TS = r.t.-200°C,  
79% Ar, 21% O2 
Egap = 3.54-3.75 eV, 
transmission 90-95% 
[SLe2007] dc MS, SnO2:Sb target, 6 wt.% Sb,  
p = 0.67 Pa,  
TS = 100-600°C,  
dc power = 100-200 W 
transmission 78-85%,  
decrease from 89% to 85%  
with TS (from 100°C to 200°C) 
[JLe2008] dc MS, SnO2:Sb2O3 target, 
5 wt.% Sb2O3,  
p = 0.67 Pa, 
TS = r.t.-200°C, 
0-50% O2/Ar 
Egap = 3.74-4.20 eV, 
Egap = 3.74 eV (0% O2, 100°C) due 
to tail states within the band gap, 
band gap increased at higher 
temperatures (3.97 eV at 200°C), 
transmission 80%, 
yellow brown colour (0% O2) 
[Goo1984] rf MS, Sn target, undoped, 
rf power = 50 W, 
p(O2) = 3.3-4 mPa 
transmission 80-97%, 
yellow brown colour 
[Stj1990] rf MS, Sn target, undoped, 
rf power = 30 W,  
p = 0.5 Pa, 
6.8% O2/Ar = 6.4% O2/(Ar+O2) 
transmission 75% 
[Stj1994] rf MS, Sn:Sb target, 0-8 at.% Sb, 
rf power = 60 W, 
p = 0.5 Pa, 
TS = 23-520°C, 
12% O2/Ar = 10.7% O2/(Ar+O2) 
transmission 80-85%, 
absorption < 10% (SnOx), 
transmission 75%, absorption 8% 
(SnOx:Sb 8 at.% Sb), 
decreased to 60-70%  
(TS above 200°C and 8 at.% Sb), 
nf = 1.92-1.96 (at 570 nm), 
Egap = 4.06-4.41 eV 
 
 
Other studies of dc MS sputtered tin oxide films doped with Sb report on optical 
transmittances of 80% [JLe2008], 88% [Jae1998] and 90-95% [Gor2005]. Note, these 
transmittance data consider only the transmission of the film in contrast to this work. 
The data found in literature are given in Table 5.2. Lee et al. obtained a slight 
decrease of the average transmission from 89% to 84% with an increasing substrate 
temperature from 100°C to 600°C [SLe2007]. Using reactive rf MS, undoped tin oxide 
films exhibit optical transmittances of 75% [Stj1990], 80-85% [Stj1994] and 80-97% 
[Goo1984]. Films doped with 8 at.% Sb show a transmittance of 75% [Stj1994]. At 
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substrate temperatures above 200°C the transmittance decreased to 60-70% [Stj1994]. 
Films sputtered by dc MS from a ceramic target in a pure argon atmosphere were 
yellowish brown. This colour is characteristic for SnO [JLe2008]. Goodchild et al. also 
obtained films with yellowish brown colour sputtered by reactive rf MS at relatively 
low oxygen partial pressure and observed an increasing transmittance with 
increasing oxygen partial pressure [Goo1984]. 
 
Absorption   As expected, the abrupt increase of the transmittance at 17% oxygen 
in the sputtering gas is accompanied by a decrease in absorption, as shown in 
Figure 5.5. The absorption was determined from the fit of the optical spectra and was 
taken at a wavelength of 589 nm (Na-d lines). At low oxygen contents in the 
sputtering gas of 10% the absorption is in the range of 1000-1500 cm-1. With 
increasing oxygen content the absorption strongly increases, and reaches a maximum 
of 9300 cm-1 at 16% oxygen content. At 17% oxygen content in the sputtering gas the 
absorption of SnOx:Sb films abruptly drops to 1300 cm-1. Above this point, where 
highly transparent and conductive films are formed, the absorption slightly 
decreases with increasing oxygen content to values smaller than 500 cm-1.  
In [Stj1994] Stjerna et al. report on a high absorptance of undoped tin oxide films 
sputtered by reactive rf MS at low oxygen content. At optimum oxygen content the 
absorptance is less than 10%. By doping with 8 at.% Sb the absorptance increases and 
reaches values higher than 20% for substrate temperatures above 200°C. 
 
 
Figure 5.5 Absorption of SnOx:Sb films sputtered at different oxygen contents in 
the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. The 
absorption is taken at a wavelength of 589 nm. The grey vertical line shows the 
position of the minimum resistivity. 
 
 
Optical band gap   The optical and electrical properties can be related to the 
optical band gap of the SnOx:Sb films, which is presented in Figure 5.6 (a) as a 
function of the oxygen content in the sputtering gas. At low oxygen content in the 
sputtering gas, the band gap has a low value of 2.2 eV. This value is even lower than 
the band gap of SnO, which is in the range of 2.5-3 eV [Bat2005]. With increasing 
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oxygen content in the sputtering gas the band gap increases for oxygen contents 
> 12-14%. At 17% oxygen in the sputtering gas the band gap reaches 3.6 eV, which 
corresponds to the band gap of SnO2 [Ell2001]. Upon further increasing oxygen 
content in the sputtering gas the band gap slightly increases by 0.1 eV and remains 
constant at 3.7 eV for oxygen contents > 23%.  
The low band gap of SnOx:Sb prepared at low oxygen content is responsible for 
the low transmission in the visible. At high oxygen content SnOx:Sb films exhibit a 
wide band gap leading to a high transparency. 
In the study of Gorley, the band gap of the SnO2 films was in the range from 
3.54 to 3.75 eV [Gor2005]. Lee reports on values of the optical band gap of SnO2:Sb 
from 3.74 to 4.20 eV depending on the deposition conditions [JLe2008]. Using 
reactive rf MS, the optical band gap is in the range from 4.06-4.41 eV [Stj1994]. By 
doping with Sb, the films show a band gap widening. Films sputtered by dc MS in a 
pure argon atmosphere from a ceramic target at a substrate temperature of 100°C 
had a band gap of 3.74 eV [JLe2008]. Lee attributed the small band gap of films 
sputtered in a pure argon atmosphere to band tailing caused by disorder of the 
amorphous structure. With increasing oxygen concentration (> 5%) the band gap 
increased to 3.96 eV. When the substrate temperature increased from 100°C to 200°C, 
the band gap enlarged on average by 0.24 eV and reached the range of 3.97-4.20 eV 
[JLe2008].  
 
 
Figure 5.6 Optical parameters of SnOx:Sb films sputtered at different oxygen 
contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. 
(a): Optical band gap. The black line represents the value of the band gap of SnO2 
[Ell2001]. (b): Optical fit parameter gamma. Gamma describes the density of the tail 
states reaching into the band gap according to the OJL model [OLe1997]. The grey 
vertical line shows the position of the minimum resistivity. 
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Optical parameter gamma   In an amorphous semiconductor, as SnOx:Sb is 
expected to be for low oxygen contents [JLe2008], absorption band tails reach into the 
band gap. O’Leary, Johnson and Lim developed a model that correlates the optical 
band gap and the width of the absorption tails with the density of electronic states 
[OLe1997]. In the band region the distribution of states exhibits the well known 
square-root dependence, whereas in the tail region the density of tail states 
exponentially decays into the band gap. The optical fit parameter gamma represents 
the density of tail states reaching into the optical band gap [OLe1997].  
In Figure 5.6 (b) this fit parameter gamma is shown. At a low oxygen content of 
10% in the sputtering gas, gamma has a low value of 0.1 eV, corresponding to a low 
density of states reaching into the band gap. With increasing oxygen content in the 
sputtering gas, gamma significantly increases by 0.4 eV to a maximum of 0.5 eV at 
16% oxygen in the sputtering gas. Thus, at 16% oxygen content the density of tail 
states is high. Exceeding 17% oxygen in the sputtering gas, gamma rapidly drops to 
approximately 0.3 eV. Upon further increasing oxygen content in the sputtering gas, 
gamma remains almost constant at 0.3 eV. 
 
Refractive index   The increase in the band gap is linked with a decrease of the 
refractive index due to the Moss relation [Mos1985]. For a detailed analysis of the 
Moss relation of the tin oxide films prepared in this study see chapter 5.4.  
In Figure 5.7 the refractive index of SnOx:Sb films at 589 nm (Na-d lines) is shown. 
The refractive index steadily decreases from 2.4 at a low oxygen content of 10 % in 
the sputtering gas down to 2.0 at 17% oxygen content in the sputtering gas. A 
refractive index of 2.0-2.1 (at approximately 590 nm) corresponds to the single crystal 
bulk value for SnO2 [Red1965]. Above 20% oxygen in the sputtering gas the refractive 
index remains constant at a value of 2.0. Using reactive rf MS, the refractive index at 
570 nm is in the range from 1.92 to 1.96 [Stj1994]. 
 
 
Figure 5.7 Refractive index of SnOx:Sb films sputtered at different oxygen contents 
in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. The 
refractive index is taken at a wavelength of 589 nm. The grey vertical line shows the 
position of the minimum resistivity. 
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Structural properties The optical properties show a different performance than 
the characteristics of the electrical properties. At high oxygen flow the optical 
properties only slightly change while the resistivity drastically increases. In order to 
understand the electrical performance of the SnOx:Sb films the structural properties 
have been determined. 
 
 
Figure 5.8 Structural properties of SnOx:Sb films sputtered at different oxygen 
contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. 
(a): Density, obtained from XRR measurements. The solid line represents the bulk 
density of SnO2 (6.95 g/cm3), the dashed line shows the bulk density of SnO 
(6.446 g/cm3) [Wea1988] and the dotted line shows the density of Sn2O3 (5.9 g/cm3) 
[Mur1973]. (b): Composition. Films were deposited in session C with a thickness of 
approximately 300 nm. Results of composition were obtained from RBS 
measurements. Dashed lines represent the content of Sn and O for the formation of 
stoichiometric SnO2. The grey vertical line shows the position of the minimum 
resistivity. 
 
 
Density   The structural properties of SnOx:Sb films are shown in Figure 5.8. The 
density (depicted in Figure 5.8 (a)) of films sputtered at low oxygen content (< 16%) 
in the sputtering gas has a lower density than the bulk density of SnO of 6.446 g/cm3 
[Wea1988]. The low density can be attributed to the phase Sn2O3 with a density of 
5.9 g/cm3 [Mur1973]. Above 17% oxygen in the sputtering gas the analysed density 
is in the range of 6.71 to 6.96 g/cm3, close to the bulk density of SnO2 of 6.95 g/cm3 
[Wea1988] with a maximum density of 6.96 g/cm3 at 21% oxygen content in the 
sputtering gas. With increasing oxygen content the density slightly decreases to 
6.80 g/cm3.  
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Stoichiometry   In Figure 5.8 (b) the results of the RBS measurements are shown. 
At low oxygen content in the sputtering gas (< 15 %), the films show an oxygen 
deficiency. At 10% oxygen content the composition of the films is Sn2O3. The 
composition of films prepared at oxygen contents in the sputtering gas higher than 
16% reaches the stoichiometry of SnO2, as the amount of Sn atoms is approximately 2 
times higher than the amount of O atoms. With increasing oxygen content the 
amount of oxygen in the film composition increases. Films sputtered at large oxygen 
contents of 36% have a composition of SnOx:Sb with x = 2.2.  
In [Stj1990] Stjerna et al. determined the stoichiometry of the SnOx films sputtered 
by reactive rf MS using Mössbauer spectrometry. The spectra were analysed by a 
least-square-fitting-program. The amount of SnO in the films was 19% for an oxygen 
content of 6.5% O2/Ar and decreased to less than 2% above 6.7% O2/Ar [Stj1990].  
 
Structure   The results of XRD measurements are shown in Figure 5.9. At low 
oxygen content in the sputtering gas (< 17%) the films are amorphous as no 
diffraction peaks appear in the scans. Films sputtered above 17.5% oxygen content in 
the sputtering gas exhibit polycrystalline diffraction patterns characteristic for the 
tetragonal phase of SnO2 [PDF77-0452]. The preferred orientations are (110) and 
(211). For higher oxygen contents in the sputtering gas the diffraction peaks of the 
films become more pronounced. Thus, the crystallinity of the films is further 
improved.  
 
 
Figure 5.9 X-ray patterns of SnOx:Sb films sputtered at different oxygen contents 
in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS. Films were 
deposited with a thickness of approximately 800 nm. Scans are vertically shifted for 
separation. The vertical black lines show the diffraction peaks of tetragonal SnO2 
[PDF77-0452]. 
 
 
In other studies tin oxide films also exhibited a polycrystalline structure, see 
Table 5.3. Jäger et al. report a preferred (110) orientation of SnO2:Sb films [Jae1998], 
whereas Lee et al. observed a preferred (101) orientation of SnO2:Sb films. The 
crystallinity of the films improved with increasing substrate temperature [SLe2007]. 
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Studies investigating the structure of SnO2:Sb films sputtered by dc MS from a 
ceramic target report a change in the preferred orientation with the oxygen content in 
the sputtering gas. Onuma et al. report a change from a preferred (211) to (110) 
orientation with increasing oxygen content from 20% to 67% [Onu1998]. In Lee’s 
study, the preferred orientation changed from (101) at low oxygen content of 5% to 
(200) at 10% oxygen content and finally at large oxygen contents of 40% to (110) 
[JLe2008]. Using reactive rf MS as deposition technique for tin oxide films, the 
electron diffractogram shows a tetragonal (rutile) structure without a preferred 
orientation [Stj1990, Stj1994]. SnOx:Sb films (Sb > 4 at.%) show only two strong peaks, 
so that the growth in a preferred direction is supported by Sb-doping [Stj1994]. 
Stjerna et al. observed a maximum of the (101) orientation at the oxygen content 
corresponding to the minimum resistivity [Stj1994]. 
 
Table 5.3 Structural properties of tin oxide films found in literature 
Source Process parameters Structural properties 
[Jae1998] dc MS, Sn:Sb targets, 2-8 at.% Sb, 
p = 0.21 Pa,  
TS = 280-300°C,  
47% O2 (40 sccm Ar, 36 sccm O2) 
polycrystalline, preferred (110) 
orientation 
[Onu1998] dc MS, SnO2:Sb target, 5 wt.% Sb, 
p = 0.67-5.3 Pa (Ar + O2), 
TS = 150-400°C 
preferred orientation changes 
from (110) to (211) with increasing 
Ar/O2 
[SLe2007] dc MS, SnO2:Sb target, 6 wt.% Sb,  
p = 0.67 Pa,  
TS = 100-600°C,  
dc power = 100-200 W 
(101) preferred orientation, 
improved crystallinity and 
increased grain size with increase 
of substrate temperature and dc 
power 
[JLe2008] dc MS, SnO2:Sb2O3 target, 
5 wt.% Sb2O3,  
p = 0.67 Pa, 
TS = r.t.-200°C, 
0-50% O2/Ar 
with  higher O2 content preferred 
orientation changed from (101) to 
(200) and finally at high O2 
content to (110), 
no influence of TS on structure 
[Stj1990] rf MS, Sn target, undoped, 
rf power = 30 W,  
p = 0.5 Pa, 
6.8% O2/Ar = 6.4% O2/(Ar+O2) 
polycrystalline with grains of 
15 nm,  
tetragonal (rutile) structure,  
no preferred orientation 
[Stj1994] rf MS, Sn:Sb target, 0-8 at.% Sb, 
rf power = 60 W, 
p = 0.5 Pa, 
TS = 23-520°C, 
12% O2/Ar = 10.7% O2/(Ar+O2) 
polycrystalline,  
no preferred orientation,  
(101) orientation shows a 
maximum at the oxygen content 
corresponding to minimum 
resistivity, 
grain size 6-30 nm,  
largest for SnOx:Sb 4 at.% Sb 
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Summary and Discussion 
 
The influence of the oxygen content in the sputtering gas on the properties of 
SnOx:Sb films sputtered by reactive dc MS is summarised in Table 5.4. The results 
found are divided into the regions of low and high oxygen content and a transition 
region. 
 
Table 5.4 Summary of the results for SnOx:Sb films sputtered at different oxygen 
contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS 
 Low oxygen 
content  
(10-16%) 
Transition 
 
17% O2 content 
High oxygen 
content  
(> 19%) 
Electrical properties: 
Resistivity ρ 
 
104 Ω cm 
 
4.9 × 10-3 Ω cm 
 
1-103 Ω cm 
Optical properties: 
Average transmission 
in the visible (380-
780 nm) TVIS 
Absorption α 
Band gap Egap and 
Gamma γ 
Refractive index nf 
(at 589 nm) 
 
 
 
26-59% 
800-9300 cm-1 
2.2-3.2 eV 
0.1-0.5 eV 
2.4-2.1 
 
 
 
74% 
1300 cm-1 
3.6 eV 
0.3 
2.05 
 
 
 
76-82% 
< 500 cm-1 
3.6 - 3.7 eV 
0.3 
2.0 
Structural properties: 
Density ρf 
Structure 
Composition 
 
6.1 g/cm3 
amorphous 
Sn2O3:Sb 
substoichiometric 
presence of Sn2O3 
and SnO 
 
6.8 g/cm3 
crystalline 
SnO2:Sb 
stoichiometric 
 
6.96-6.8 g/cm3 
polycrystalline 
SnO2.2:Sb 
incorporation of 
additional oxygen 
 
 
Low oxygen content   Films sputtered at low oxygen content in the sputtering gas 
of approximately 10% exhibit a high electrical resistivity of 104 Ω cm and a low 
average transmission in the visible range of light (380-780 nm) of 43-59%. Although 
the average transmission is low, the absorption at 589 nm is also low at 800- 
1500 cm-1. The reason for the low transmission is the relatively small band gap of 
2.2 eV, which also explains the yellow colour of these films. The stoichiometry of the 
films is Sn2O3:Sb, which is in line with the measurement of the density. The density 
of films sputtered at low oxygen contents (measured for an oxygen content of 16%) is 
6.1 g/cm3 and therefore lower than the bulk values of both SnO (6.446 g/cm3) and 
SnO2 (6.95 g/cm3) [Wea1988] but close to the density of Sn2O3 (5.9 g/cm3) [Mur1973]. 
XRD measurements reveal an amorphous structure. These films presumably exhibit 
a short-range order leading to a low number of tail states reaching into the band gap 
(represented by a low gamma of 0.1 eV) and a low absorption.  
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When the oxygen content increases to 16%, the optical properties change 
significantly, as can be seen from the distinct increase of the absorption to 9300 cm-1 
at 589 nm. This increase can be related to a significant increase of the width of the 
band tail to 0.5 eV and therefore to an increase of the density of defects. The increase 
in the absorption might be attributed to a change in film structure from an 
amorphous film containing the Sn2O3 phase towards a mixed phase containing SnO 
and SnO2 with a large density of defects. Due to the presence of the SnO phase, the 
average transmission in the visible decreases. The SnO phase is leading to the 
brownish colour of the films which is characteristic for SnO [JLe2008, Goo1984]. 
However, the film structure is not suited to ensure a high conductivity, as confirmed 
by the high resistivity observed.  
 
Transition regime   Upon further increasing the oxygen content to 17%, the 
abrupt increase of the average transmission in the visible and the rapid decrease of 
the absorption is attributed to the formation of an almost stoichiometric SnO2 film 
with a significantly reduced number of defects. The optical band gap and refractive 
index reach the value corresponding to SnO2 as well as the structure turns to 
crystalline SnO2. The low resistivity is presumably resulting from a low number of 
oxygen vacancies or tin interstitials that significantly produce free charge carriers 
presumably leading to n-type conductivity.  
 
High oxygen content   Further increasing the oxygen content reduces the number 
of these defects, finally yielding insulating films, as experimentally observed. RBS 
measurements even show a slight oxygen excess. The accuracy of the RBS 
measurements confirms the oxygen excess to SnO2.2±0.1 [Zal2011]. The oxygen excess 
is probably induced by the increased oxygen ion bombardment which is a typical 
feature of the reactive sputtering process. Experimental support for this oxygen ion 
implantation also stems from the reduced mass density at high oxygen contents 
(Figure 5.8). The oxygen might be embedded into the grain boundaries or 
incorporated into interstitial sites of the crystal lattice [Mer2004a, Mer2006]. Both 
effects reduce the electrical conductivity.  
 
Similar observations have been reported by Stjerna et al. [Stj1990], who found a 
minimum in the resistivity at a specific oxygen content for radio frequency 
magnetron sputtered SnOx films. There it was also shown that the films with lowest 
resistivity exhibited a SnO concentration of less than 2%. Goodchild et al. [Goo1984], 
who also investigated rf sputtered SnO2 films also found that the stoichiometry 
controls the electrical resistivity and proposed that an optimum mixture of SnO and 
SnO2 in the film triggers the defect induced charge carrier concentration. Kiliç et al. 
have applied functional density theory to calculate the defect structure of SnO2 
[Kil2002]. They have shown that tin interstitials and oxygen vacancies have rather 
low formation energies, the defect formation energy of tin interstitials is negative 
(~ -0.5 eV) and the formation energy of oxygen vacancies has a small positive value 
(~ 0.67 eV) when the Fermi level is situated mid-gap [Kil2002]. The spontaneous 
formation of oxygen vacancies and tin interstitials is leading to a stable non-
stoichiometry and thus, to a high n-type conductivity of undoped tin oxide. This is 
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in-line with our conclusions for dc magnetron sputtered films. To investigate the 
mechanisms of conductivity further Hall measurements are performed in a related 
study, see chapter 5.5.  
 
The films produced at an oxygen concentration of 17% fulfil the requirements for 
application as a TCO material, namely a low resistivity and high transmission in the 
visible. The minimum resistivity of 4.9 mΩ cm is of the same order as found in other 
studies of dc magnetron sputtered tin oxide [SLe2007, JLe2008, Gor2005, Jae1998, 
Onu1998]. In these studies such low resistivities are only achieved by applying 
additional substrate heating either during deposition or in a post deposition 
annealing step.  
In other studies, reactive radio frequency magnetron sputtering was utilised, 
which enabled resistivities of 3.2 mΩ cm for SnO2 films with a thickness of 60 nm 
sputtered at an oxygen partial pressure of 3.3-4 mPa [Goo1984] and 2.8 mΩ cm for 
SnO2 films of 1 μm thickness at 6.8% O2/Ar [Stj1990]. However, although these 
resistivities reported are slightly lower than the value we achieved, it should be 
pointed out that an rf MS process is not easily applicable in large scale industrial 
coating lines [Saf2000]. Hence, a low temperature dc MS process for TCO coatings as 
established in this study is highly attractive for the large scale production of SnO2 
films. 
 
 
 
Conclusion 
 
SnOx:Sb films of various thicknesses were prepared by reactive dc MS at low 
temperature from a metallic target. Within a narrow process window of the oxygen 
content in the sputtering gas conductive and transparent SnO2:Sb films were 
produced. Only within this window at around 17% oxygen content it has been 
possible to fabricate films with a low resistivity of 4.9 mΩ cm, a high transmission of 
74% (of the film plus glass substrate) in the visible range and a band gap of 3.6 eV. 
This has been attributed to the natural non-stoichiometry of SnO2. At higher oxygen 
flows (> 17%) native defects (tin interstitials and oxygen vacancies) are reduced due 
to an oxygen excess in the films. The high resistivity at oxygen contents lower than 
17% is, depending on the oxygen content, attributed to either an excess of defects 
limiting conductivity or an amorphous structure of the Sn2O3 phase. 
The low resistivities reported in this study have been achieved in a direct current 
magnetron sputtering process without intentional heating. This process therefore 
fulfils the requirements for an industrially applicable low-cost process for large scale 
fabrication of SnO2-based TCO coatings. 
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5.3 Impact of Sputtering Pressure on Film Properties 
 
In order to improve the properties of the SnOx:Sb films the impact of the applied 
pressure during the sputter deposition has been studied. However, the sputtering 
pressure cannot be treated as an isolated parameter and simultaneously other 
process parameters are influenced by the sputtering pressure. In this section the 
sputtering pressure is varied and set into relation with optical, electrical and 
structural film properties of SnOx:Sb. 
 
Process parameters: Target voltage   First, for all applied sputtering pressures the 
process characteristics of reactive dc MS from a metallic Sn:Sb (99:1) target are 
determined. Therefore, the target voltage is shown as a function of the oxygen 
content in the sputtering gas in Figure 5.10 (a) for three different sputtering 
pressures. The voltage values have been vertically shifted for separation by 85 V and 
150 V for the pressure of 0.8 Pa (blue) and of 1.3 Pa (grey), respectively. The distinct 
behaviour of the target voltage is apparent for all sputtering pressures. 
 
 
Figure 5.10 Influence of the sputter pressure on process parameter of reactive dc 
MS from a metallic Sn:Sb (99:1) target. (a): Target voltage and oxygen partial pressure 
as inset. Open symbols denote values for increasing oxygen content while closed 
symbols show the value for decreasing oxygen. The voltage values are vertically 
shifted for separation by 85 V and 150 V for the blue and grey curve, respectively. (b): 
Deposition rate. The horizontal line marks the deposition rate at the oxygen content 
of films with lowest resistivity. Vertical lines show the position of films with lowest 
resistivity. 
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Introducing a small amount of oxygen into the sputtering atmosphere, the target 
voltage increases presumably due to different secondary electron emission 
coefficients of the oxidised tin target compared to that of the elementary metal tin 
target. The target voltage increases by 75-80 V and reaches its maximum at relatively 
low oxygen contents. Upon further increasing oxygen content the target voltage 
steadily decreases until reaching a minimum. With lower sputtering pressure this 
minimum shifts to higher oxygen content in the sputtering gas.  
When the oxygen content further increases the target voltage shows a linear 
relation from the oxygen content, which is irrespective of increasing or reducing 
oxygen content, depicted by open and full symbols respectively, in Figure 5.10 (a). 
Further decreasing the oxygen content in the sputtering gas, the target voltage shows 
a hysteresis; the increase of the target voltage and its maximum are shifted to lower 
oxygen content than for increasing oxygen. Close to the beginning of the hysteresis in 
the target voltage, SnOx:Sb films with minimum resistivity are prepared (see below).  
 
The observed shift of the process characteristics to higher oxygen content upon 
decreasing sputtering pressure might be related to the total gas flow into the 
chamber (consisting of Ar and O2). Note, a low pressure is achieved by reducing the 
total gas flow while a high pressure originates from a high total gas flow. From this 
total gas flow the parts Qt and Qc are consumed by the target and collecting area 
including the substrate, respectively. To achieve the same compound fraction at the 
collecting area for different sputtering pressures the same amount of reactive gas has 
to react with the collecting and target area, respectively. Since for a lower pressure Qc 
and Qt are assumed to be smaller compared to those for the case of a high pressure 
(adjusted by the total gas flow), presumably a higher reactive gas fraction is needed 
for lower pressures to achieve the same compound fraction at the collecting area 
including substrate. This would explain the observed shift of the sputtering 
properties in oxygen content in the sputtering gas.  
 
Oxygen partial pressure   In the oxygen partial pressure (depicted as inset in 
Figure 5.10 (a)) it is not apparent where different oxidic states of tin oxide develop 
(see also chapter 5.1). The oxygen partial pressure is linearly linked with the oxygen 
content in the sputtering gas. The slope of the linear behaviour changes for different 
sputtering pressure and is highest for 1.3 Pa and lowest for 0.4 Pa.  
 
Deposition rate   The deposition rate steadily decreases upon increasing oxygen 
content, depicted in Figure 5.10 (b). At high oxygen content the slope of the 
deposition rate changes; the deposition rate decreases less than at lower oxygen 
content. When comparing the deposition rate of different sputtering pressures, the 
rate is shifted to higher oxygen content with decreasing sputtering pressure. For 
SnOx:Sb films with minimum resistivities the deposition rate is high as 80 nm/min 
irrespective of the sputtering pressure. 
 
In order to investigate the relation of process parameters and film properties the 
SnOx:Sb films have been analysed regarding their electrical, optical and structural 
properties.  
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Electrical properties: Resistivity   The resistivity of SnOx:Sb films sputtered at 
different deposition pressures as function of the oxygen content in the sputtering gas 
is depicted in Figure 5.11. The minimum in the resistivity is distinctive for all 
sputtering pressures, as described in chapter 5.2. The minimum resistivity is related 
to the formation of almost stoichiometric tin dioxide.  
For lower sputtering pressures the minimum resistivity is shifted to higher 
oxygen content in the sputtering gas (from 17% at 1.3 Pa to 24% at 0.8 Pa and to 36% 
at 0.4 Pa). This is related to the observed shift in the process characteristics. 
 
 
Figure 5.11 Resistivity of SnOx:Sb films sputtered at various deposition pressures as 
a function of the oxygen content in the sputtering gas. Films were sputtered from a 
metallic Sn:Sb (99:1) target by reactive dc MS. The black line represents the resistivity 
of SnO2:Sb films sputtered at 0.67 Pa by dc MS from a ceramic target, value taken 
from [JLe2008].  
 
 
Optical properties: Transmittance   The optical properties show a similar 
connection to the sputtering pressure. The average transmission in the visible (380-
780 nm) is depicted in Figure 5.12 (a) as a function of the oxygen content in the 
sputtering gas. At low oxygen content in the sputtering gas the transmission is low 
with values of 40-60%. At the oxygen content where films with low resistivity are 
prepared, the transmission increases to high values of 70-80%. This transition to 
highly transparent films is distinctive for all sputtering pressures and is moved to 
higher oxygen content with decreasing pressure.  
 
Refractive index   The transition to highly transparent SnOx:Sb films is 
accompanied by a decrease of the refractive index at 589 nm to 2.0-2.1, depicted in 
Figure 5.12 (b) as a function of the oxygen content in the sputtering gas. The 
characteristics of the refractive index are shifted to higher oxygen content in the 
sputtering gas for decreasing sputtering pressure.  
 
 70 
 
Figure 5.12 Optical properties of SnOx:Sb films sputtered at various deposition 
pressures as a function of the oxygen content in the sputtering gas. Films were 
sputtered from a metallic Sn:Sb (99:1) target by reactive dc MS. (a): Average 
transmission in the visible range of light (380-780 nm). The black line shows the 
average transmission of the glass substrate. (b): Refractive index taken at a 
wavelength of 589 nm. Vertical lines show the position of films with lowest 
resistivity. 
 
 
Optical band gap   The refractive index is linked with the optical band gap. The 
increase of the refractive index is accompanied by a decrease of the band gap. The 
optical band gap is shown in Figure 5.13 (a) as a function of the oxygen content in the 
sputtering gas. At the transition where SnOx:Sb films with low resistivity are 
prepared the band gap also increases to 3.6 eV that corresponds to the band gap of 
SnO2 [Ell2001]. For lower sputtering pressure the distinct transition is moved to 
higher content of oxygen in the sputtering gas.  
 
Optical parameter gamma   This trend is also apparent in the optical fit 
parameter gamma, shown in Figure 5.13 (b). Gamma represents the tail states that 
exponentially decay into the band gap according to the OJL model [OLe1997]. At low 
oxygen content in the sputtering gas gamma rises and reaches its maximum. At the 
transition to SnOx:Sb films with low resistivity gamma abruptly decreases and 
remains constant upon further increasing oxygen content in the sputtering gas. For 
lower sputtering pressure the characteristic maximum and sudden decrease of 
gamma is moved to higher content of oxygen in the sputtering gas.  
 
 
 71
 
Figure 5.13 Optical parameters of SnOx:Sb films sputtered at various deposition 
pressures as a function of the oxygen content in the sputtering gas. Films were 
sputtered from a metallic Sn:Sb (99:1) target by reactive dc MS. (a): Optical band gap. 
The black line represents the value of the band gap of SnO2 [Ell2001]. (b): Optical fit 
parameter gamma. Gamma describes the density of tail states reaching into the band 
gap according to the OJL model [OLe1997]. Vertical lines show the position of films 
with lowest resistivity.  
 
 
Structural properties   Besides the electrical and optical analysis the structural 
properties of the SnOx:Sb films have been determined. The X-ray diffraction patterns 
of SnOx:Sb films sputtered at different pressure are depicted in Figure 5.14. At low 
oxygen content in the sputtering gas films are amorphous in the as deposited state. 
At higher oxygen content the films are crystalline and have a polycrystalline 
structure. The film structure is the tetragonal rutile phase of SnO2 [PDF77-0452]. All 
crystalline films show a pronounced (110) reflex. The intensity of the (110) increases 
with increasing oxygen content in the sputtering gas irrespective of the sputtering 
pressure. Thus, the crystallinity of the films is further improved for increasing 
oxygen content in the sputtering gas for all sputtering pressures.  
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Figure 5.14 X-ray patterns of SnOx:Sb films sputtered at various deposition 
pressures for different oxygen content in the sputtering gas. (a): 1.3 Pa, (b): 0.8 Pa and 
(c): 0.4 Pa. Films were sputtered from a metallic Sn:Sb (99:1) target by reactive dc MS. 
Scans are vertically shifted for separation. The vertical black lines show the 
diffraction peaks of tetragonal SnO2 [PDF77-0452].  
 
 
Besides the (110) orientation the (211) reflex appears as a dominant reflex in the 
diffraction patterns. Films sputtered at 1.3 Pa (shown in Figure 5.14 (a)) exhibit a 
pronounced (211) reflex. With increasing oxygen content in the sputtering gas the 
intensity of the (211) orientation ascends. Overall at 1.3 Pa the crystallinity is 
improved at higher oxygen content. Decreasing the sputtering pressure to 0.8 Pa and 
0.4 Pa (depicted in Figure 5.14 (b) and (c), respectively) the intensity of the (211) 
reflex decreases. For high oxygen content in the sputtering gas the (211) orientation 
successively reduces with decreasing pressure. Thus, the (211) reflex is sensitive to 
the deposition pressure. At reduced sputtering pressure the growing films 
experience a higher ion bombardment [Ohr2002] leading to the degradation of the 
(211) reflex.  
 
Strain and full width half maximum   The structural data of the SnOx:Sb films 
have been further evaluated; the position and full width half maximum (FWHM) of 
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the dominant reflexes (110) and (211) have been determined. From the reflex position 
of the film in relation to unstrained SnO2 the strain in the film is obtained (see 
chapter 4.4.2 and [Ohr2002]).  
 
 
Figure 5.15 Structural data of SnOx:Sb films sputtered at various deposition 
pressures as a function of the oxygen content in the sputtering gas. Films were 
sputtered from a metallic Sn:Sb (99:1) target by reactive dc MS. (a): Strain and (b): 
FWHM determined from X-ray reflexes. The (110) reflex is displayed by the hexagon. 
Vertical lines show the position of films with lowest resistivity. 
 
 
Strain (XRD)   The results of the strain in the SnOx:Sb films sputtered at different 
deposition pressure are shown in Figure 5.15 (a). Generally for all sputtering 
pressures, the strain in the films increases with increasing oxygen content. 
Presumably, the compressive stress in the films increases. At the oxygen content 
where films with minimum resistivity are prepared, the films are almost free of 
strain, showing a slight contraction of the crystal lattice and thus, slight tensile stress. 
With increasing oxygen content in the sputtering gas the strain becomes positive, the 
stress turns into compressive and drastically increases. For a lower sputtering 
pressure the strain of the films shows a higher positive value indicating a larger 
expansion of the crystal lattice. At lower pressure the ion bombardment is increased. 
Oxygen ions might be incorporated into interstitial sites of the crystal lattice resulting 
in lattice expansion [Mer2006]. Maybe the increased ion bombardment is leading to 
higher compressive stresses in the film. To clarify the origin of the strain, stress 
measurements using the curvature method have been performed in a related study, 
see chapter 5.5. 
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Full width half maximum (FWHM)   The FWHM is an indicator for the 
crystallinity and microstrain of the film. A pronounced reflex exhibits a small 
FWHM. The FWHM of SnOx:Sb films prepared at different sputtering pressure are 
shown in Figure 5.15 (b). At the transition to crystalline films with low resistivity for 
all sputtering pressures the FWHM has its maximum with 2°. The oxygen content in 
the sputtering gas is sufficient to form crystalline SnO2. With increasing oxygen 
content in the sputtering gas the FWHM decreases to 0.5-1.2°, presumably indicating 
an improved crystallinity of the films and a larger size of the crystal grains. Possibly, 
the surplus of oxygen leads to an improvement of the film crystallinity and to larger 
grain sizes of the crystallites.  
Comparing the varying sputtering pressures at high oxygen content in the 
sputtering gas, a lower sputtering pressure leads to an increase of the FWHM. At 
1.3 Pa the FWHM is in the range of 0.5-0.8°, enlarges to 0.6-0.9° at 0.8 Pa and 
increases to 0.8-1.2° at 0.4 Pa. Here probably, the microstructure of the films is 
affected by the sputtering pressure. Due to microstrain within the films the FWHM 
might increase. Microstrain also leads to broader X-ray reflexes.  
 
This is in accordance with the appearance of the films shown in the photographs 
in Figure 5.16. At low sputtering pressures the SnOx:Sb films show cracking and 
flaking due to an increased strain in the films.   
 
 
Figure 5.16 Photographs of SnOx:Sb films sputtered at various deposition pressures 
and different oxygen content in the sputtering gas. Films were sputtered from a 
metallic Sn:Sb (99:1) target by reactive dc MS. The measurement position is marked 
on the backside of the sample in black. At lower pressures films show cracking and 
flaking seen in the middle of the samples sputtered at higher oxygen contents at 
0.4 Pa and 0.8 Pa where the films are opaque and leading to light diffusion. 
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Summary and Conclusion 
 
The deposition conditions of SnOx:Sb have been varied in terms of the process 
pressure. The sputtering pressure has been decreased from 1.3 Pa to 0.8 Pa and 
0.4 Pa. The analysis of the film properties has shown that a decreased sputtering 
pressure moves the distinctive optical and electrical characteristics to higher contents 
of oxygen in the sputtering gas (from 17% at 1.3 Pa to 24% at 0.8 Pa and 36% at 
0.4 Pa). The optical and electrical properties are related to the film stoichiometry (see 
chapter 5.2). A higher sputtering pressure might lead to an increased formation of 
compound material at the target and collecting area including substrate.  
At lower sputtering pressure the film strain and microstrain increase leading to 
flaking of the film. This increase of the film strain might be related to an increased 
ion bombardment at lower pressures. Negatively charged ions (O-) are accelerated 
away from the target and can bombard the growing film. The oxygen ions might be 
incorporated into interstitial sites of the crystal lattice [Mer2006] resulting in the 
lattice expansion and thus, to compressive stress. A higher pressure leads to 
scattering of the particles and might reduce the number of ions reaching the 
substrate. 
However, the tin oxide films are negatively affected by the lower sputtering 
pressure. Thus, a lower sputtering pressure is not favourable for the deposition of 
SnOx:Sb films, although similar electrical and optical properties were found.  
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5.4 Post-Deposition Annealing of SnOx:Sb Films 
 
A narrow process window for the sputter deposition of transparent and 
conductive SnOx:Sb films has been found [Bol2010, Goo1984, Stj1994]. In order to 
enlarge the deposition conditions for suitable TCO films the electrical film properties 
have to be improved. Therefore, post-deposition treatments of the films have been 
performed after the deposition of the SnOx:Sb films. In order to improve the film 
properties films have been annealed. The annealing temperature has been varied and 
the influence on the film properties has been investigated.  
 
Electrical properties: Temperature dependent resistivity   The SnOx:Sb films 
sputtered from a metallic Sn:Sb (99:1) target by reactive dc MS at 1.3 Pa and 250 mA 
have been annealed up to 375°C in Ar atmosphere. The argon atmosphere is used to 
prevent the oxidation of the films during the heating. During the annealing the 
resistivity of the films has been measured. In Figure 5.17 the resistivity of two 
SnOx:Sb films is shown in relation to the annealing temperature. A film sputtered at 
18% oxygen content in the sputtering gas is measured during annealing and cooling 
(brown curve). The films sputtered at 17% oxygen content with minimum resistivity 
is stepwise annealed and analysed after cooling down to room temperature. Its room 
temperature resistivity is shown as a function of the maximum sample temperature 
during one annealing step (orange symbols). The resistivity of both films starts to 
decrease at 140°C and strongly decreases with rising temperature. At around 300°C 
the resistivity reaches a minimum and upon further increasing temperature the 
resistivity increases again.  
 
 
Figure 5.17 Resistivity of two SnOx:Sb films as a function of the annealing 
temperature. Films were sputtered at 17% (orange) and 18% (brown) oxygen content 
in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS at 1.3 Pa 
and 250 mA. The resistivity of the brown curve was measured during annealing 
while the orange data were stepwise annealed and measured at room temperature 
after cooling down from the given temperature. 
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In contrast to literature [Gor2005, Jae1998] the resistivity is not further improved 
with higher temperatures. In [Gor2005, Jae1998] tin oxide films have been deposited 
on different substrate materials after a pre-heating of the substrates before the 
deposition. Gorley et al. used substrates made of quartz glass and silicon [Gor2005], 
while Jäger et al. used borosilicate and float-glass as substrates [Jae1998]. Probably 
the substrate material has an influence on the electrical film properties at higher 
temperatures. Also, a pre-heating of the substrates before the deposition decreases 
the material defect level [Gor2005].  
Maybe in our study, a diffusion of alkali ions (Na, K, Li) from the substrate into 
the film is the reason for the deterioration of the electrical film properties [Noc2008].  
 
Resistivity   The results of the resistivities of all films after annealing at 300°C and 
375°C are depicted in Figure 5.18 in comparison to the resistivities of the films in the 
as deposited state. At low oxygen content in the sputtering gas during deposition the 
films remain highly resistive showing slight improvements towards the transition 
where as deposited SnOx:Sb films with low resistivity are sputtered. After post-
deposition annealing these films are still not suitable for the application as TCO.  
 
 
Figure 5.18 Resistivity of SnOx:Sb films as deposited (grey colour) and after post 
annealing at 300°C (red)  and 375°C (brown) in Ar atmosphere. Films were sputtered 
at different oxygen content in the sputtering gas from a metallic Sn:Sb (99:1) target by 
reactive dc MS. For comparison, the black line represents the resistivity of SnO2 films 
sputtered by dc MS from a ceramic target and post annealed at 500°C, value taken 
from [Gor2005]. 
 
 
SnOx:Sb films sputtered at higher oxygen content in the sputtering gas (> 17%) 
are improved by a post-deposition annealing. At 300°C the resistivity of the SnOx:Sb 
films significantly drops to the same order of magnitude (10-2-10-3 Ω cm) compared to 
the resistivity of films sputtered at 17% oxygen content in the sputtering gas. At 
375°C annealing temperature the resistivity is slightly higher for all films compared 
to that for 300°C annealed films. Maybe a diffusion of alkali ions from the glass 
substrate into the film leads to a deterioration of the electrical properties [Noc2008]. 
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The sodium diffusion coefficient increases with increasing temperature (by one order 
of magnitude from 300°C to 400°C [Fri1968, Hem1994]). Maybe this increase of the 
sodium diffusion leads to the increase of the resistivity. 
 
Optical properties: Transmittance   The optical properties do not significantly 
change upon annealing. The average transmission in the visible (380-780 nm) is 
depicted in Figure 5.19 (a) after annealing at 300°C (red symbols) and 375°C (brown 
symbols) in comparison to the films in the as deposited state (grey symbols). The 
transmission of the films increases after annealing. A higher temperature (375°C) 
leads to a higher transmission in the visible. Also at low oxygen content in the 
sputtering gas (< 17%) during the deposition the transmission is increased after 
annealing. Here, after annealing to 375°C the transmission is in the range of 50-60% 
which is still not sufficient for TCO. 
 
 
Figure 5.19 Optical properties of SnOx:Sb films as deposited (grey) and after post 
annealing at 300°C (red) and 375°C (brown) in Ar atmosphere. Films were sputtered 
at different oxygen contents in the sputtering gas from a metallic Sn:Sb (99:1) target 
by reactive dc MS. The film thicknesses were approximately 800 nm and 300 nm, for 
films sputtered in session marked with ○ and ◊, respectively. (a): Average 
transmission in the visible range of light (380-780 nm). The black line shows the 
average transmission of the glass substrate. (b): Absorption, taken at a wavelength of 
589 nm. 
 
 
Absorption   The slight increase in the transmission is accompanied by a slight 
decrease of the absorption after post-deposition annealing, as shown in Figure 5.19 
(b). After annealing at higher temperature (375°C, brown symbols) the absorption is 
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lower than at 300°C (red symbols). For low oxygen content in the sputtering gas 
during deposition the effect of improvement is more pronounced than for films 
sputtered at higher oxygen content. 
 
Optical band gap   The increase of the average transmission and the decrease of 
the absorption are related to the change of the optical parameters band gap and 
gamma. The band gap becomes larger after annealing. A higher temperature (375°C, 
brown symbols) increases the band gap further than 300°C (red symbols). The 
increase of the band gap is assumed to be related by the Burstein-Moss shift 
[Bur1954, Mos1954]. Upon annealing presumably the critical charge carrier density 
for the Mott transition from semiconducting to metallic transport [Mot1974, Sie2011] 
is further exceeded (see also chapter 5.6) and the additional charge carriers fill the 
lower states of the conduction band. For transitions from valence to conduction band 
the energy has to overcome the band gap plus the lower occupied levels of the 
conduction band resulting in a larger band gap.  
 
 
Figure 5.20 Optical parameters of SnOx:Sb films as deposited (grey) and after post 
annealing at 300°C (red) and 375°C (brown). Films were sputtered at different 
oxygen contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive 
dc MS. (a): Optical band gap. The black line represents the value of the band gap of 
SnO2 [Ell2001]. (b): Optical fit parameter gamma. Gamma describes the density of the 
tail states reaching into the band gap according to the OJL model [OLe1997]. 
 
 
Optical parameter gamma   According to the OJL model the fit parameter gamma 
represents the tail states that exponentially decay into the band gap [OLe1997]. The 
tail states decrease after annealing at 300°C and 375°C, depicted in Figure 5.20 (b). At 
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low oxygen content in the sputtering gas during deposition the tail states slightly 
decrease, while at high oxygen content (> 17%) the tail states are reduced from 0.3 eV 
to 0.25 eV after annealing at 300°C. At 375°C the tail states further decrease to 0.2 eV. 
This demonstrates that during annealing the defects within the band gap heal out. 
 
Temperature dependent optical parameters   The analysis of the optical 
parameters for different maximum annealing temperatures is shown in Figure 5.21. 
The sample has been stepwise annealed from room temperature to 375°C in Ar 
atmosphere. After each annealing step the sample has been cooled down to room 
temperature and optical analyses have been performed. At lower annealing 
temperatures up to 200°C, the optical parameters band gap (orange) and gamma 
(brown) remain unchanged; the band gap is 3.55 eV and gamma 0.4 eV. At 240°C the 
band gap starts to increase, while gamma steadily decreases. With further increasing 
temperature the band gap rises to 3.7 eV at 300°C and to 3.75 eV at 375°C. Gamma 
decreases from 0.4 eV at room temperature to 0.25 eV 375°C.  
 
 
Figure 5.21 Optical parameters of a SnOx:Sb film as a function of the annealing 
temperature: Band gap (orange) and gamma (brown). Gamma describes the density 
of tail states reaching into the band gap according to the OJL model [OLe1997]. The 
film was sputtered at 17% oxygen content in the sputtering gas from a metallic Sn:Sb 
(99:1) target by reactive dc MS at 1.3 Pa and 250 mA. The analyses were performed at 
room temperature after cooling down from the given temperature. 
 
 
In summary, compared to the annealing temperature of 300°C the higher 
temperature (375°C) has a stronger influence on the optical parameters. The band 
gap increases related to the Burstein-Moss shift [Bur1954, Mos1954] maybe because 
of a further increasing number of carriers. The tail states decaying into the band gap 
decrease due to healing out of defects within the band gap.  
 
Refractive index   The increase of the band gap is accompanied by a decrease of 
the refractive index. The refractive index at 589 nm is depicted in Figure 5.21 as a 
function of the oxygen content in the sputtering gas during deposition. At higher 
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oxygen content (> 17%) the refractive index is 2.0-2.1 in the as deposited state. After 
annealing at 300°C the refractive index is slightly decreased to 2.0 and decreases 
further to 1.95 at 375°C.  
 
 
Figure 5.22 Refractive index of SnOx:Sb films as deposited (grey) and after post 
annealing at 300°C (red) and 375°C (brown). Films were sputtered at different 
oxygen contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive 
dc MS. The refractive index is taken at a wavelength of 589 nm. 
 
 
The optical band gap is related to the refractive index due to the Moss relation 
[Mos1985] 
 
.constnE 4gap =⋅  
 
Egap band gap 
n  refractive index. 
 
The constant is determined to be 95 eV for semiconductors [Mos1985]. For SnO2 
the band gap is 3.6 eV [Ell2001] and the refractive index amounts up to 2.0 [Cho1983] 
calculating the constant of SnO2 to 57.6 eV.  
The experimental data obtained in this work are shown in Figure 5.23. The pairs 
of refractive index and band gap have been obtained by sputtering of samples at 
various gas flows (grey) that have been post annealed at 300°C (red) and at 375°C 
(brown) after deposition. The optical properties refractive index and band gap have 
been determined by modelling of the optical data using the OJL model [OLe1997]. 
Compared to the theoretical Moss relation, the deviations of the experimental 
results obtained in this work are of the same order like the calculated constant of 
SnO2.  
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Figure 5.23 Refractive index as a function of the band gap. The data were obtained 
from optical fits using the OJL model [OLe1997]. The black line represents the 
correlation of refractive index and band gap according to the Moss relation 
[Mos1985].  
 
 
Structural properties   The structural properties have been analysed after 
annealing at 300°C and 375°C. The X-ray diffraction patterns of SnOx:Sb films are 
depicted in Figure 5.24 for three oxygen contents in the sputtering gas during 
deposition, namely 15.2%, 17.5% and 25.6%. 
At low oxygen content in the sputtering gas (15.2%, depicted in Figure 5.24 (a)) 
the film is amorphous in the as deposited state (grey) and remains amorphous after 
annealing at 300°C (red). At 375°C (brown) the film crystallises in the tetragonal 
phase of SnO2 [PDF77-0452]. At higher oxygen content (> 17.5%, depicted in 
Figure 5.24 (b) and (c)) the SnOx:Sb films exhibit already in the as deposited state the 
crystal structure of tetragonal SnO2 [PDF77-0452]. In the as deposited state (grey) the 
film structure is polycrystalline and persists after annealing at 300°C (red) and 375°C 
(brown).  
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Figure 5.24 X-ray patterns of SnOx:Sb films as deposited (grey) and after post 
annealing at 300°C (red) and 375°C (brown). Films were sputtered at different 
oxygen contents in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive 
dc MS. The thickness is approximately 800 nm. Scans are vertically shifted for 
separation. The vertical black lines show the diffraction peaks of tetragonal SnO2 
[PDF77-0452]. 
 
 
Strain (XRD)   From the X-ray diffraction patterns the position and full width half 
maximum (FWHM) of the (211) reflex have been analysed. The strain in the films has 
been evaluated from the position of the reflex (see chapter 4.4.2 and [Ohr2002]). In 
Figure 5.25 the FWHM and strain of SnOx:Sb films in the as deposited state (grey) 
and after annealing at 300°C (red) and 375°C (brown) are depicted.  
In the as deposited state the strain of films sputtered at low oxygen content in the 
sputtering gas is negative indicating slight tensile stress in the films, while at higher 
oxygen content the crystal lattice expands resulting in positive strain and 
compressive stress. The expansion of the crystal lattice is assumed to be caused by 
incorporation of oxygen ions in interstitial sites of the lattice. After annealing of the 
films the strain becomes negative, the crystal lattice contracts. This might be 
explained by the oxygen in interstitial positions of the lattice. Upon annealing the 
oxygen migrates to grain boundaries [Loe1996]. The oxygen is removed from 
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interstitial positions of the lattice. This might lead to the relaxation of the crystal 
lattice. The lattice contracts and this might result in tensile stress. Additionally, 
tensile stress might be caused by crystal growth or grain boundary relaxation 
[Cha1972]. At higher temperature (375°C) the strain further increases, this is more 
pronounced for thinner films (300 nm compared to 800 nm, marked with ◊ and ○, 
respectively in Figure 5.25) that are sputtered at lower oxygen content in the 
sputtering gas during deposition.  
 
 
Figure 5.25 FWHM and strain of the (211) reflex of SnOx:Sb films as deposited 
(grey) and after post annealing at 300°C (red) and 375°C (brown). Films were 
sputtered at different oxygen contents in the sputtering gas from a metallic Sn:Sb 
(99:1) target by reactive dc MS.  
 
 
Full width half maximum (FWHM)   Besides the strain the FWHM of the 
SnOx:Sb films increases. In the as deposited state the (211) reflex has a small FWHM 
of around 0.7°. After annealing the FWHM increases; at 300°C (red) the FWHM is 
around 1° and at higher temperature (375°C, brown) it further rises to 1-2°. At lower 
oxygen content in the sputtering gas during deposition the FWHM increases more 
pronounced. The FWHM is an indicator for the crystallinity of the films and for the 
microstrain in the films. A pronounced reflex caused by a large grain size of the 
crystals exhibits a small FWHM; microstrain leads to broad X-ray reflexes.  
Upon annealing oxygen in interstitial sites of the crystal lattice might migrate to 
grain boundaries. The oxygen in grain boundaries stabilises the fine-grained film 
structure so that the grain size does not increase [Loe1996]. This seems to be 
supported by no decrease of the FWHM. Upon migration to the grain boundaries the 
oxygen is removed from its interstitial sites of the lattice. This might lead to an 
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average non-uniform strain of the lattice. An average non-uniform strain results in a 
larger FWHM. Thus, the microstrain is assumed to increase seen by the broader (211) 
reflex.  
 
Temperature dependent strain and FWHM   In Figure 5.26 the strain and FWHM 
of the (211) reflex are shown as a function of the annealing temperature. The X-ray 
diffraction measurements have been performed after cooling down from the 
annealing temperature to room temperature. Up to 200°C the strain (orange symbols 
in Figure 5.26) remains constant. The strain slightly increases at 300°C and further 
rises at 375°C. The FWHM (brown symbols in Figure 5.26) slightly increases up to 
300°C. At high temperature (375°C) the FWHM strongly increases to 1.7°. Thus, the 
distinctive increases of the strain and microstrain take place between 300°C and 
375°C. 
 
 
Figure 5.26 Strain (orange) and FWHM (brown) of the (211) reflex of a SnOx:Sb film 
as a function of the annealing temperature. The film was sputtered at 17% oxygen 
content in the sputtering gas from a metallic Sn:Sb (99:1) target by reactive dc MS at 
1.3 Pa and 250 mA. The X-ray scans were performed at room temperature after 
cooling down from the given annealing temperature. 
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Figure 5.27 Strain as a function of the FWHM of the (211) reflex of SnOx:Sb films in 
the as deposited state (grey) and after post annealing at 300°C (red) and 375°C 
(brown). Films were sputtered at different oxygen contents in the sputtering gas from 
a metallic Sn:Sb (99:1) target by reactive dc MS. 
 
 
Strain – FWHM   In Figure 5.27 the relation of strain and FWHM is depicted for 
different annealing temperatures. The different strain-FWHM pairs are induced by 
varying the oxygen content in the sputtering gas. An increasing FWHM is linked to a 
decreasing strain in the films. Thus, an increase of the FWHM, indicating an increase 
of the microstrain, is accompanied by a higher strain in the films.  
 
 
Figure 5.28 Resistivity as a function of strain of the (211) reflex of SnOx:Sb films as 
deposited (grey) and after post annealing at 300°C (red) and 375°C (brown). Films 
were sputtered at different oxygen contents in the sputtering gas from a metallic 
Sn:Sb (99:1) target by reactive dc MS. For comparison, the black line represents the 
resistivity of SnO2:Sb films sputtered by dc MS from a ceramic target and post 
annealed at 500°C, value taken from [Gor2005]. 
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Resistivity – Strain   A further analysis of the same films is depicted in 
Figure 5.28, showing the resistivity as a function of the strain. The resistivity 
decreases when the crystal lattice turns from expansion to contraction. The expansion 
of the lattice might be related to incorporation of additional oxygen in interstitial 
sites of the lattice [Mer2004]. The oxygen in interstitial positions acts as electron trap. 
The oxygen reduces the carrier concentration and leads to scattering of the remaining 
charges [Mer2006, Fra1982]. Thus, the compressive stress originating from oxygen in 
interstitial sites is not favourable for films with low resistivity. Upon higher 
contraction the microstrain rises possibly leading to a slight increase of the resistivity.  
 
 
 
Summary and Conclusion 
 
A post-deposition annealing changes the properties of the SnOx:Sb films. The 
resistivity decreases upon annealing for temperatures up to 300°C. In this range the 
annealing temperature leads to lower resistivity which is assumed to be due to 
healing of defects. Upon post-deposition annealing the oxygen in interstitial sites of 
the crystal lattice might migrate to the grain boundaries [Loe1996]. The oxygen in 
interstitial positions acts as electron trap and scattering centre [Mer2006, Fra1982]. 
Maybe due to the removing of the oxygen in interstitial positions the resistivity is 
improved. 
For higher annealing temperatures the resistivity increases again. This is linked to 
the structural properties of the films. Upon annealing the crystal lattice contracts 
maybe due to the migration of oxygen from interstitial sites of the lattice to grain 
boundaries. The stress becomes tensile and increases to high values at higher 
temperature (375°C). The deterioration of the electrical properties might be related to 
a diffusion of alkali ions from the glass substrate into the film [Noc2008].  
The optical properties slightly change with the annealing temperatures above 
200°C. A higher temperature (375°C) has a stronger influence on the optical 
properties. The average transmission in the visible increases, which is linked to a 
decrease of the absorption, an increase of the band gap and a decrease of the tail 
states that decay into the band gap region. Related to the band gap the refractive 
index at 589 nm decreases after annealing.  
Thus, the optical properties are also sensitive to temperature. While the optical 
properties change more pronounced at higher temperatures (375°C) the electrical 
properties are improved until 300°C and deteriorate at higher temperatures due to 
strain and microstrain in the films, that are assumed to be related with the formation 
of new defects. 
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5.5 Variation of the Doping Concentration 
 
In this section the influence of the antimony incorporated as doping atoms in tin 
oxide is investigated. The doping concentration has been varied. SnOx:Sb films have 
been sputtered from differently doped sputter Sn:Sb targets with a Sb doping 
varying from 0 wt.% to 3 wt.%. At first, the process parameters and SnOx:Sb films in 
the as deposited state have been analysed. The obtained electrical, optical and 
structural properties are then correlated to the impact of the Sb doping.  
 
 
Figure 5.29 Process parameters of reactive dc MS from metallic Sn:Sb targets with 
varying Sb doping concentration at a sputtering pressure of 1.3 Pa and a constant 
sputter current of 250 mA. Target voltage as a function of the oxygen content in the 
sputtering gas and oxygen partial pressure as inset. Open symbols denote values for 
increasing oxygen content while closed symbols show the value for decreasing 
oxygen. The voltage values are vertically shifted for separation by 85 V and 100 V for 
the grey and the green curve, respectively. Vertical lines show the position of films 
with lowest resistivity. 
 
 
Process parameters: Target voltage   In Figure 5.29 the process parameters of 
reactive dc MS from metallic Sn:Sb targets with varying Sb doping concentration 
from 0 wt.% to 3 wt.% Sb at 1.3 Pa and 250 mA are shown as a function of the oxygen 
content in the sputtering gas. The values of the target voltage are vertically shifted 
for separation by 85 V and 100 V for the Sn:Sb (99:1) target (grey) and the Sn:Sb (97:3) 
target (green), respectively. The target voltage shows the same trend for different Sb 
doping concentration. Introducing a small amount of oxygen in the sputtering gas 
the target voltage rises by 50-75 V and reaches a maximum in the range of 5-10% 
oxygen content in the sputtering gas. Upon further increasing oxygen content the 
voltage decreases. At 3% Sb doping the target voltage exhibits a side lobe that might 
be linked to the antimony concentration. At high oxygen contents the target voltage 
is linearly linked with the oxygen content in the sputtering gas irrespective of 
increasing or decreasing oxygen content. The reversal point where the target voltage 
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increases again is more pronounced for higher Sb concentration in the target. 
Decreasing the oxygen content in the sputtering gas the target voltage reaches its 
maximum shifted to lower oxygen content. Maybe due to the more pronounced race 
track of the Sn:Sb (99:1) target the hysteresis is shifted to lower oxygen content in the 
sputtering gas and confined to a smaller range of the oxygen content. The hysteresis 
is apparently irrespective of the Sb doping concentration.  
 
Oxygen partial pressure   In the inset in Figure 5.29 the oxygen partial pressure is 
depicted. With increasing oxygen content in the sputtering gas the oxygen partial 
pressure steadily increases. Irrespective of increasing or decreasing oxygen content in 
the sputtering gas the oxygen partial pressure shows the same trend. No specific 
difference of the oxygen partial pressure is apparent for different Sb doping 
concentration in the metallic Sn:Sb target.  
 
 
Figure 5.30 Resistivity of SnOx:Sb films with different Sb doping concentration as a 
function of the oxygen content in the sputtering gas. Films were sputtered at 1.3 Pa 
and 250 mA from metallic Sn:Sb targets: undoped Sn (blue), Sn:Sb with 1 wt.% Sb 
(grey) and 3 wt.% Sb (green). The black line represents the resistivity of SnO2:Sb films 
with 5% Sb doping sputtered by dc MS from a ceramic target, value taken from 
[JLe2008]. 
 
 
Electrical properties: Resistivity   In the as deposited state the resistivity of the 
SnOx:Sb films sputtered from Sn:Sb targets with the Sb doping concentration varying 
from 0 wt.% to 3 wt.% has been determined. The resistivity is depicted in Figure 5.30 
as a function of the oxygen content in the sputtering gas. For all Sb doping 
concentrations the resistivity shows the same trend, only shifted in the oxygen 
content in the sputtering gas. This might be caused by different states of the targets 
(e.g. race track or target thickness). However, it is not clear why the target state is 
related to the shift in oxygen content.  
A sharp minimum resistivity is observed depending on the oxygen content in the 
sputtering gas. The lowest resistivity is 2.9 mΩ cm of the undoped SnOx films. 
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Carrier concentration   The minimum resistivity is linked with the carrier 
concentration and mobility, shown in Figure 5.31 as a function of the oxygen content 
in the sputtering gas. The concentration and mobility of carriers has been determined 
by Hall measurements showing n-type conduction. At the oxygen content where 
SnOx:Sb films with lowest resistivity are prepared, the carrier concentration 
(Figure 5.31 (a)) has the highest value with 2-3 × 1020 cm-3, irrespective of the Sb 
doping concentration. With increasing oxygen content in the sputtering gas the 
concentration of carriers strongly decreases to a low concentration of around 1018-
1019 cm-3. The carrier concentration shows the same trend as a function of the oxygen 
content for different Sb doping concentrations.  
 
Mobility   The mobility of the SnOx:Sb films (Figure 5.31 (b)) also exhibits the 
highest value at the oxygen content in the sputtering gas where films of lowest 
resistivity are prepared. Upon increasing oxygen content in the sputtering gas the 
mobility drastically decreases. While SnOx:Sb films sputtered from a Sn:Sb target 
with 3 wt.% Sb doping concentration have a maximum mobility of 4 cm2 V-1 s-1, 
undoped SnOx films show a larger maximum mobility of 9 cm2 V-1 s-1.  
 
 
Figure 5.31 Results of Hall measurements of SnOx:Sb films with different Sb doping 
concentration. (a): Carrier concentration and (b): mobility as a function of the oxygen 
content in the sputtering gas. Films were sputtered at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets: undoped Sn (blue) and Sn:Sb with 3 wt.% Sb (green). Vertical 
lines show the position of films with lowest resistivity. 
 
 
The results of the carrier concentration are in the range of values from literature 
(nc > 1020 cm-3 [Cho1983]). The mobility of SnOx:Sb films found in literature are larger 
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(15-30 cm2 V-1 s-1 [Cho1983]) than the results of this work. Thus, the minimum 
resistivity of the films in the as deposited state is limited by the mobility of the 
charge carriers. At high oxygen content in the sputtering gas both a low mobility and 
concentration of carriers lead to a high resistivity of the SnOx:Sb films. 
 
Maybe the Sb doping atoms are not effectively embedded into the tin oxide 
structure. Then, the Sb does not act as donor. The carrier concentration is not 
enlarged, when Sb is not effectively incorporated. The incorporation of Sb suboxides 
(e.g. Sb2O3 or Sb2O5) might limit the mobility [Szy2001]. The Sb suboxides increase 
the scattering of charge carriers at impurities leading to a low mobility.  
At high oxygen contents oxygen might be incorporated in interstitial positions of 
the lattice. Oxygen in interstitial positions results in Oi2- that acts as electron trap. The 
traps reduce the charge carrier concentration. Additionally, the interstitial oxygen 
acts as scattering centre for remaining free charge carriers [Mer2006, Fra1982]. Thus, 
at high oxygen contents both the mobility and carrier concentration are reduced, as 
also observed for our results.  
 
Optical properties: Transmittance   The optical results of the SnOx:Sb films with 
different Sb doping concentrations are depicted in Figure 5.32 as a function of the 
oxygen content in the sputtering gas.  
At low oxygen content in the sputtering gas the average transmission in the 
visible range of light (380-780 nm) has low values of 45-65% and depends on the film 
thickness. Thinner films of around 150 nm (marked with □ in Figure 5.32) exhibit a 
slightly higher transmission than thicker films of around 350 nm (marked with ◊ in 
Figure 5.32). At the oxygen content where films of low resistivity are prepared, the 
transmission in the visible increases to a high value of 70-80%. Irrespective of the Sb 
doping concentration the average transmission in the visible shows the same trend.  
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Figure 5.32 Optical properties of SnOx:Sb films with different Sb doping 
concentration as a function of the oxygen content in the sputtering gas. (a): Average 
transmission in the visible range of light (380-780 nm). The black line shows the 
average transmission of the glass substrate. (b): Absorption taken at a wavelength of 
589 nm. Films were sputtered at 1.3 Pa and 250 mA from metallic Sn:Sb targets: 
undoped Sn (blue), Sn:Sb with 1 wt.% Sb (grey) and 3 wt.% Sb (green). Vertical lines 
show the position of films with lowest resistivity. 
 
 
Absorption   The average transmission in the visible is related to the absorption 
(taken at 589 nm, as depicted in Figure 5.32 (b)). The low transmission in the visible 
at low oxygen content in the sputtering gas is accompanied by an increase of the 
absorption with increasing oxygen content. At the oxygen content in the sputtering 
gas where films with low resistivity are prepared, the absorption abruptly decreases 
to less than 1000 cm-1. The distinctive trend of the absorption is apparent irrespective 
of the Sb doping concentration.  
 
Optical band gap   The optical parameters of SnOx:Sb films display the same 
trend (see Figure 5.33). The optical band gap is depicted in Figure 5.33 (a) and has a 
value of 2.2-2.5 eV at low oxygen content in the sputtering gas. With increasing 
oxygen content in the sputtering gas the band gap strongly increases. At the oxygen 
content where films with low resistivity are prepared, the SnOx:Sb films exhibit a 
band gap of 3.6 eV corresponding to the band gap of SnO2 [Ell2001]. Upon further 
increasing oxygen content in the sputtering gas the band gap slightly increases to 3.7-
3.8 eV. The characteristic trend of the band gap is irrespective of the Sb doping 
concentration.  
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Figure 5.33 Optical parameters of SnOx:Sb films with different Sb doping 
concentration as a function of the oxygen content in the sputtering gas. (a): Band gap. 
The black line represents the value of the band gap of SnO2 [Ell2001]. (b): Gamma 
describes the density of the tail states reaching into the band gap according to the 
OJL model [OLe1997]. Films were sputtered at 1.3 Pa and 250 mA from metallic 
Sn:Sb targets: undoped Sn (blue), Sn:Sb with 1 wt.% Sb (grey) and 3 wt.% Sb (green). 
Vertical lines show the position of films with lowest resistivity. 
 
 
Optical parameter gamma   In Figure 5.33 (b) the optical parameter gamma is 
shown; gamma represents the tail states that exponentially decay into the band gap 
region according to the OJL model [OLe1997]. At low oxygen content in the 
sputtering gas SnOx:Sb films have a low gamma of 0.1-0.2 eV that strongly increases 
with increasing oxygen content. After reaching the maximum in gamma of 0.5-0.6 eV, 
gamma decreases to a low value of 0.3 eV at the oxygen content where SnOx:Sb films 
with low resistivity are prepared. Upon further increasing oxygen content in the 
sputtering gas gamma slightly decreases. The trend of gamma is apparent for all Sb 
doping concentration.  
Irrespectively of the Sb doping concentration, the optical parameters show the 
same trend and are only shifted in oxygen content in the sputtering gas. The 
influence of the oxygen content in the sputtering gas itself dominates the 
characteristic optical trends for each Sb doping concentration. 
 
Structural properties   Besides the electrical and optical properties also the 
structural properties of SnOx:Sb films have been analysed for varying Sb doping 
concentration.  
 
 95
 
Figure 5.34 X-ray diffraction patterns of SnOx:Sb films sputtered from Sn:Sb targets 
with different Sb doping concentration: undoped Sn (blue), Sn:Sb with 1 wt.% Sb 
(grey) and 3 wt.% Sb (green). Films were sputtered at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets at (a): high and (b): low oxygen content in the sputtering gas. 
Scans are vertically shifted for separation. The vertical black lines show the 
diffraction peaks of tetragonal SnO2 [PDF77-0452]. 
 
 
Structure   The film structure determined by X-ray diffraction measurements is 
depicted in Figure 5.34. The SnOx:Sb films exhibit the polycrystalline structure of 
tetragonal SnO2 [PDF77-0452]. The preferred orientation is in (110) and (211) 
direction. At high oxygen content in the sputtering gas (Figure 5.34 (a)) the film 
structure shows more pronounced X-ray reflexes than at lower oxygen content 
(Figure 5.34 (b)). A low oxygen content in the sputtering gas is sufficient for the 
formation of crystalline SnO2:Sb films. At high oxygen content a surplus of oxygen 
leads to an improvement of the crystal structure. Irrespective of the Sb doping 
concentration the structure of the SnOx:Sb films shows the same trend depending on 
the oxygen content in the sputtering gas. 
 
Strain and FWHM   The structural data of the SnOx:Sb films have been further 
evaluated. From the reflex position the strain in the SnOx:Sb films has been 
determined (see chapter 4.4.2 and [Ohr2002]). In Figure 5.35 the strain determined 
from X-ray diffraction measurements and the full width half maximum (FWHM) of 
the (211) reflex of SnOx:Sb films are shown in comparison to the stress measured by 
the curvature method.  
 
 96 
Figure 5.35 Structural data of SnOx:Sb films with different Sb doping concentration 
as a function of the oxygen content in the sputtering gas. Films were sputtered at 
1.3 Pa and 250 mA from metallic Sn:Sb targets: undoped Sn (blue) and Sn:Sb with 
3 wt.% Sb (green). (a): FWHM of the (211) reflex. (b): The strain was determined from 
X-ray reflexes of diffraction measurements. The (211) orientation is marked with a 
rhombus, while the (110) is displayed by the pentagon (c): The stress was evaluated 
from the curvature method. Samples marked with squares are thinner (150 nm). 
Vertical lines show the position of films with lowest resistivity. 
 
 
Full width half maximum (FWHM)   The FWHM, as depicted in Figure 5.35 (a), 
displays the crystalline quality of the SnOx:Sb films. At the transient oxygen content 
in the sputtering gas where films of low resistivity are prepared, the FWHM has the 
largest value of around 0.8°. The oxygen content is sufficient to form small 
crystallites of SnO2. With increasing oxygen content the FWHM decreases to a low 
value of 0.5°. The X-ray reflexes are narrow due to an improved crystalline structure 
and larger grain size.  
 
Strain (XRD)   The strain determined from X-ray reflexes is depicted in 
Figure 5.35 (b) as a function of the oxygen content in the sputtering gas. At low 
oxygen content in the sputtering gas the strain is negative, indicating tensile stress, 
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probably due to the formation of small crystallites in an amorphous matrix. This is 
supported by a strong amorphous background in the diffraction patterns (Figure 5.34 
(b)) and a larger FWHM (Figure 5.35 (a)). With increasing oxygen content in the 
sputtering gas the strain decreases and becomes positive, displaying compressive 
stress. At high oxygen content the compressive stress increases due to a higher 
oxygen ion bombardment.  
 
Stress (curvature)   Using the curvature method the average stress of the film is 
determined by scanning over the whole sample. The stress measured by the 
curvature method is depicted in Figure 5.35 (c). At low oxygen content in the 
sputtering gas the stress of undoped tin oxide films is tensile with a value of 
200 MPa. With increasing oxygen content the stress decreases and turns to 
compressive. Due to higher oxygen ion bombardment at high oxygen content the 
compressive stress increases to -200 MPa.  
The stress values of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb 
show mainly no tensile stress. The behaviour of the stress is shifted in direction of 
higher compressive stress. At high oxygen content in the sputtering gas the maximal 
compressive stress reaches -250 MPa. 
 
 
 
Summary and Conclusion 
 
In the as deposited state the properties of the SnOx:Sb films sputtered from Sn:Sb 
targets with varying Sb doping concentration are dominated by the influence of the 
oxygen content in the sputtering gas. Irrespective of the Sb doping concentration, the 
electrical, optical and structural properties show a characteristic trend as a function 
of the oxygen content in the sputtering gas. They are only shifted in oxygen content 
in the sputtering gas. This observation might be due to the different state (e.g. 
erosion race track) of the various targets used for this study.  
 
Electrical properties   The distinct minimum resistivity is related to a maximum 
of mobility and concentration of the carriers. Compared to literature [Cho1983], in 
this study, the minimum resistivity is limited by a low mobility of the charge carriers. 
Maybe the Sb is not effectively incorporated into the tin oxide structure. Then, the Sb 
does not act as donor and the carrier concentration is not enlarged. The Sb might be 
incorporated as Sb suboxides (e.g. Sb2O3 or Sb2O5) that limit the mobility [Szy2001] 
due to scattering of charge carriers at impurities. 
At high oxygen content in the sputtering gas, both a low mobility and low carrier 
concentration lead to films with a high resistivity. Presumably, the oxygen is 
incorporated in interstitial positions of the lattice and acts as electron trap. Due to the 
trapping of electrons the charge carrier concentration is reduced. Additionally, the 
oxygen in interstitial position of the lattice leads to scattering of remaining electrons 
and a decrease of the mobility [Mer2006, Fra1982].  
 
Optical properties   For all doping concentrations, the optical properties are 
strongly related to the oxygen content in the sputtering gas, as already seen for the 
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films sputtered from the Sn:Sb target with 1 wt.% Sb doping concentration (section 
5.4). At the oxygen content in the sputtering gas where SnOx:Sb films of lowest 
resistivity are prepared, the optical film properties show a distinct transition to films 
with a high transmission in the visible related to a strong decrease of absorption, an 
increase to a wide band gap corresponding to the SnO2-phase and a decrease of tail 
states that decay into the band gap. The distinct trend in the optical properties is 
irrespective of the Sb doping concentration, as seen for the electrical properties as 
well. 
 
Structural properties   The structural properties also show a characteristic trend 
irrespective of the Sb doping concentration. At the transient point to highly 
transparent and conductive SnOx:Sb films the film structure turns from amorphous 
to crystalline. The films have a polycrystalline structure of SnO2 [PDF77-0452] with a 
preferred (110) and (211) orientation. At low oxygen content films exhibit small 
crystallites in an amorphous matrix revealed by a strong amorphous background in 
the diffraction patterns, a large FWHM and tensile stress. With increasing oxygen 
content the stress decreases and becomes compressive presumably due to a higher 
oxygen ion bombardment. The surplus of oxygen leads to an improvement of the 
crystallinity of the films. Presumably, the oxygen is incorporated in interstitial 
positions of the lattice leading to a lattice expansion and compressive stress. 
 
 
 
In conclusion, the SnOx:Sb films at the transition point are highly transparent and 
conductive presumably due to oxygen vacancies, as already shown in section 5.2. 
This is also supported by the fact that the Sb doping concentration does not 
significantly influence the electrical film properties. It is assumed that the Sb might 
not be effectively incorporated into the structure of tin oxide. Maybe a post-
deposition annealing could somehow activate possible Sb donor states; this is 
studied in the next section. 
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5.6 Post-Deposition Annealing of SnOx:Sb Films with 
Different Sb Doping Concentration 
 
As deposited the properties of tin oxide films depend on the oxygen content in 
the sputtering gas, irrespectively of the Sb doping concentration. It might be 
assumed that the Sb is not effectively incorporated. A post-deposition treatment of 
the films has been performed to improve the film properties. Maybe a post-
deposition annealing could somehow activate the Sb doping atoms. A positive effect 
of the annealing on SnOx:Sb films sputtered from the Sn:Sb target doped with 1 wt.% 
Sb is already shown in section 5.4, here, the effect of a post-deposition annealing on 
the properties of films with different Sb doping concentration has been 
systematically investigated. The electrical, optical and structural properties of 
SnOx:Sb films sputtered from Sn:Sb targets with 0 wt.% Sb and 3 wt.% Sb have been 
analysed in order to study the effect of undoped and higher doped films compared 
to the SnOx:Sb films sputtered from the Sn:Sb target with 1 wt.% Sb as shown in 
section 5.4.  
 
Electrical properties: Temperature dependent resistivity   During the annealing 
in Ar atmosphere the resistivity has been determined. The resistivity is shown as a 
function of the annealing temperature in Figure 5.36 for SnOx:Sb films sputtered from 
Sn:Sb targets with 0 wt.% Sb (a) and 3 wt.% Sb (b), respectively, sputtered at different 
oxygen content in the sputtering gas. The films have been first annealed to 300°C, 
depicted in blue and green curves, respectively, and for a second time to 375°C, 
shown by the brown curves. Up to temperatures of around 100°C the resistivity 
remains constant. Upon further increasing temperatures the resistivity changes. The 
resistivity of films sputtered at high oxygen content in the sputtering first increases 
showing a maximum around 140-160°C. At higher temperatures the resistivity 
strongly decreases. The resistivity of films sputtered at lower oxygen contents (close 
to the transient oxygen content where as deposited films with minimum resistivity 
are sputtered) decreases upon annealing at temperatures higher than 100°C. 
Presumably, the resistivity decreases due to healing of defects.  
After annealing to 300°C upon cooling down to room temperature, the resistivity 
of both SnOx:Sb films sputtered from Sn:Sb targets with 0 wt.% Sb and 3 wt.% Sb 
decreases showing a metal like behaviour. Upon annealing presumably the critical 
charge carrier density for the Mott transition from semiconducting to metallic 
transport [Mot1974, Sie2011] is further exceeded, see also Figure 5.38.  
Upon annealing at higher temperature than 300°C the resistivity increases again. 
For higher temperatures, the resistivity of undoped SnOx films increases stronger 
than the resistivity of SnOx:Sb films sputtered from the Sn:Sb target doped with 
3 wt.% Sb. The undoped SnOx films show a semiconducting behaviour upon cooling 
down, while the SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb 
maintain metal like. This might be related to the Sb doping, maybe the Sb is activated 
as donor upon post-deposition annealing. After annealing at 375°C the carrier 
concentration further increases for SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb. For the undoped tin oxide films maybe a diffusion of alkali ions (Na, 
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K, Li) from the glass substrate leads to a deterioration of the electrical properties 
[Noc2008], see also chapter 5.4. The alkali ions might act as scattering centre and 
electron trap leading to a higher resistivity. The Sb doped tin oxide films are less 
strongly affected maybe because the activated Sb donors deliver free electrons as 
charge carriers counteracting the alkali ions as electron traps. 
 
 
Figure 5.36 Resistivity of SnOx:Sb films with different Sb doping concentration as 
function of the annealing temperature. Films were sputtered at different oxygen 
content in the sputtering gas at 1.3 Pa and 250 mA from metallic Sn:Sb targets: (a): 
undoped Sn and (b): Sn:Sb doped with 3 wt.% Sb. The first annealing of the samples 
to 300°C is depicted in colour while the second annealing is shown in brown.  
 
 
Resistivity   The results of the resistivity after annealing at 300°C and 375°C are 
summarised in Figure 5.37 (a) and (b) for SnOx:Sb films sputtered from Sn:Sb targets 
with 0 wt.% Sb and 3 wt.% Sb, respectively. After annealing at 300°C (depicted in 
red) the resistivity of undoped SnOx films decreases to a low level of 1 mΩ cm for a 
wide range of oxygen contents in the sputtering gas during deposition, while the 
resistivity of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb decreases 
to 2 mΩ cm. Upon annealing at higher temperature (375°C, depicted in brown) the 
resistivity increases again; for undoped SnOx films the resistivity increases more (to 
10 mΩ cm) than the resistivity of SnOx:Sb films sputtered from the Sn:Sb target with 
3 wt.% Sb (to 4 mΩ cm).  
 
After post-deposition annealing at 300°C both doped and undoped films show a 
metal like behaviour, but undoped SnOx films reach lower resistivities than SnOx:Sb 
films sputtered from the Sn:Sb target with 3 wt.% Sb. After post-deposition annealing 
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the oxygen in interstitial sites of the crystal lattice migrates to the grain boundaries. 
The oxygen in interstitial sites acts as electron trap and scattering centre [Mer2006, 
Fra1982]. Upon post-deposition annealing the oxygen is removed. This might result 
in the low resistivity observed. The oxygen rich grain boundaries exhibit a high 
resistance limiting the resistivity of the films [Mer2000]. Maybe the resistivity of the 
undoped SnOx films is limited by the high resistance of the oxygen rich grain 
boundaries, while for the doped SnOx:Sb films sputtered from the Sn:Sb target with 
3 wt.% Sb the resistivity is additionally increased by scattering at ionised Sb 
impurities.  
At 375°C the undoped SnOx films become semiconducting and the resistivity 
increases more than the resistivity of SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb. This might be related to a diffusion of alkali ions from the glass 
substrate into the film that leads to a deterioration of the electrical properties 
[Noc2008], see also chapter 5.4. The alkali ions might act as scattering centre and 
electron trap leading to a higher resistivity. The Sb doped tin oxide films are less 
strongly affected maybe because the Sb donors are activated and deliver free 
electrons as charge carriers counteracting the alkali ions as electron trap.  
 
 
Figure 5.37 Resistivity of SnOx:Sb films with different Sb doping concentration as 
deposited and after post annealing at 300°C (red) and 375°C (brown). Films were 
sputtered at different oxygen content in the sputtering gas at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets with different Sb doping concentration: (a): Undoped Sn and 
(b): Sn:Sb with 3 wt.% Sb. For comparison, the black line represents the resistivity of 
SnO2 films sputtered by dc MS from a ceramic target and post annealed at 500°C, 
value taken from [Gor2005]. 
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Carrier concentration and mobility   The resistivity of the SnOx:Sb films is related 
to the carrier concentration and mobility determined by Hall measurements. In 
Figure 5.38 the carrier concentration of SnOx:Sb films sputtered from Sn:Sb targets 
with 0 wt.% Sb (a) and with 3 wt.% Sb (b) is shown as a function of the oxygen 
content in the sputtering gas during deposition. The results after post-deposition 
annealing at 300°C and at 375°C are depicted in red and brown, respectively. 
 
 
Figure 5.38 Carrier concentration of SnOx:Sb films with different Sb doping 
concentration as deposited and after post annealing at 300°C (red) and 375°C 
(brown). Films were sputtered at different oxygen content at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets with different Sb doping concentration: (a): Undoped Sn and 
(b): Sn:Sb doped with 3 wt.% Sb. Vertical lines show the position of films with lowest 
resistivity as deposited. 
 
 
Carrier concentration    After annealing the carrier concentration increases. At 
300°C the undoped SnOx films show a higher carrier concentration of 4-5 × 1020 cm-3 
compared to a concentration of 2-3 × 1020 cm-3 of SnOx:Sb films sputtered from the 
Sn:Sb target with 3 wt.% Sb. After annealing at 300°C the carrier concentration 
reached the order of magnitude of the carrier concentration at the transition point 
seen for the as deposited state. This might be related to the removal of oxygen from 
interstitial sites of the crystal lattice. The oxygen in interstitial positions acts as 
electron trap and reduces the number of free charges [Mer2006, Fra1982]. 
Increasing the temperature to 375°C the carrier concentration of undoped SnOx 
films decreases to 4-8 × 1019 cm-3, while the carrier concentration of SnOx:Sb films 
sputtered from the Sn:Sb target with 3 wt.% Sb further increases to 2-5 × 1020 cm-3. 
This might result from a diffusion of alkali ions from the glass substrate. The alkali 
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ions might act as electron trap and might decrease the carrier concentration. It is 
assumed that the Sb donors are activated upon post-deposition annealing and maybe 
counteract the alkali ions as electron trap.  
 
 
Figure 5.39 Mobility of SnOx:Sb films with different Sb doping concentration as 
deposited and after post annealing at 300°C (red) and 375°C (brown). Films were 
sputtered at different oxygen content in the sputtering gas at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets with different Sb doping concentration: (a): Undoped Sn and 
(b): Sn:Sb with 3 wt.% Sb. Vertical lines show the position of films with lowest 
resistivity as deposited. 
 
 
Mobility   The mobility of the SnOx:Sb films sputtered from Sn:Sb targets with 
0 wt.% Sb and 3 wt.% Sb is shown in Figure 5.39 (a) and (b), respectively as a 
function of the oxygen content in the sputtering gas during deposition. After 
annealing the mobility increases and is almost independent of the oxygen content in 
the sputtering gas. At 300°C (depicted in red) the mobility reaches values of 10-
20 cm2 V-1 s-1 which is comparable to the mobilities found in literature (15-
30 cm2 V-1 s-1 [Cho1983]). An increase of the temperature to 375°C (depicted in 
brown) results in a decrease of the mobility. For undoped SnOx films the mobility 
slightly decreases to 8-16 cm2 V-1 s-1, while the mobility of SnOx:Sb films sputtered 
from the Sn:Sb target with 3 wt.% Sb decreases drastically to 4-6 cm2 V-1 s-1. The more 
pronounced decrease in mobility of the Sb doped tin oxide films after annealing at 
375°C might result from the activation of Sb as donor and a higher scattering at 
ionised Sb impurities.  
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Optical properties   The influence of the post-deposition annealing on the optical 
properties of SnOx:Sb films with different Sb doping concentrations has been 
analysed. The films have been optically analysed after annealing at 300°C and 375°C, 
and compared to the as deposited state.  
Exemplarily, the transmission data of two samples after post-deposition 
annealing at 300°C (red) and 375°C (brown) are shown in Figure 5.40 in comparison 
to the data in the as deposited state for the undoped SnOx films in blue and the 
SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb doping in  green.  
Upon annealing the absorption edge is shifted to a lower wavelength resulting in 
a larger band gap. The shape of the absorption edge becomes steeper after post 
annealing; this might be related to a healing of defects. At high wavelengths the 
transmission decreases related to the plasma wavelength. The plasma wavelength is 
more pronounced for films sputtered from the Sn:Sb target with 3 wt.% Sb compared 
to the films sputtered from the undoped Sn target.  
In order to quantify these findings the optical data have been further evaluated by 
modelling of the optical data using the OJL model [OLe1997]. 
 
 
Figure 5.40 Transmission curves of SnOx:Sb films with different Sb doping 
concentration as deposited and after post annealing at 300°C (red) and 375°C 
(brown). Films were sputtered at high oxygen content in the sputtering gas at 1.3 Pa 
and 250 mA from metallic Sn:Sb targets with different Sb doping concentration: (a): 
Undoped Sn and (b): Sn:Sb with 3 wt.% Sb. The black line shows the transmission 
curve of the glass substrate. 
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Transmittance   The average transmission in the visible (380-780 nm) is depicted 
in Figure 5.41 as a function of the oxygen content in the sputtering gas after 
annealing at 300°C (red) and at 375°C (brown) in comparison to the average 
transmission in the as deposited state for the undoped SnOx films in blue and the 
SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb doping in  green. The 
average transmission in the visible of SnOx:Sb films increases after post-deposition 
annealing. The average transmission in the visible is slightly enlarged after annealing 
at 300°C and further increases to values higher than 75-80% after annealing at 375°C. 
The increase of the average transmission is more pronounced for the undoped tin 
oxide films. Note, the transmission data consist of the transmission of the films plus 
glass substrate.  
 
 
Figure 5.41 Average transmission of SnOx:Sb films with different Sb doping 
concentration as deposited and after post annealing at 300°C (red) and 375°C 
(brown). Films were sputtered at different oxygen content in the sputtering gas at 
1.3 Pa and 250 mA from metallic Sn:Sb targets with different Sb doping concentration 
(a): Undoped Sn and (b): Sn:Sb with 3 wt.% Sb. The black line shows the average 
transmission of the glass substrate. Vertical lines show the position of films with 
lowest resistivity as deposited. 
 
 
Optical band gap   The optical parameters band gap and gamma have been 
analysed after post-deposition annealing at 300°C (red) and 375°C (brown), they are 
shown in Figure 5.42 as a function of the oxygen content in the sputtering gas during 
the deposition.  
The optical band gap, as depicted in Figure 5.42 (a), increases upon post-
deposition annealing. Upon post-deposition annealing presumably the critical charge 
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carrier density for the Mott transition from semiconducting to metallic transport 
[Mot1974, Sie2011] is further exceeded. The additional charge carriers fill the lower 
states of the conduction band. For transitions from valence to conduction band the 
energy has to overcome the band gap plus the lower occupied levels of the 
conduction band. This is resulting in an enlarged band gap due to the Burstein-Moss 
shift [Bur1954, Mos1954].  
At 300°C the band gap is enlarged by 0.1 eV to 3.6-3.7 eV, and further increases to 
3.7-3.9 eV after annealing at 375°C. After the post-deposition annealing at 375°C the 
band gap of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb is 0.15 eV 
larger than the band gap of undoped SnOx films. This might be related to the larger 
carrier concentration of the SnOx:Sb films sputtered from the Sn:Sb target with 
3 wt.% Sb. 
 
 
Figure 5.42 Optical parameters of SnOx:Sb films with different Sb doping 
concentration as deposited and after post annealing at 300°C (red) and 375°C 
(brown). (a): Band gap. The black line represents the value of the band gap of SnO2 
[Ell2001].  (b): Gamma describes the density of tail states reaching into the band gap 
according to the OJL model [OLe1997]. Films were sputtered at different oxygen 
content in the sputtering gas at 1.3 Pa and 250 mA from metallic Sn:Sb targets with 
different Sb doping concentration: Undoped Sn (blue) and Sn:Sb with 3 wt.% Sb 
(green). Vertical lines show the position of films with lowest resistivity as deposited. 
 
 
Optical parameter gamma   The increase of the band gap comes along with a 
decrease of the optical fit parameter gamma. The optical parameter gamma 
represents the tail states that exponentially decay into the band gap region according 
to the OJL model [OLe1997]. After annealing at 300°C (red colour) gamma has a 
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slightly lower value and with further increasing temperature (375°C, brown colour) 
gamma decreases by 0.1 eV compared to the gamma of the films in the as deposited 
state.  
Irrespective of the Sb doping concentration, the optical parameter gamma 
decreases after annealing to 0.2-0.3 eV. The trend of gamma, the decrease with 
increasing oxygen contents persists after annealing. 
 
Structural properties   The films have been structurally analysed after post-
deposition annealing in order to determine the influence of the temperature on the 
structural properties. X-ray diffraction measurements have been performed and 
further evaluated. The full width half maximum (FWHM) of the X-ray reflexes and 
the strain of the crystal lattice have been determined. Using the curvature method the 
average mechanical stress in the films has been measured during the post-deposition 
annealing. 
 
 
Figure 5.43 Stress measurements of SnOx:Sb films with different Sb doping 
concentration as a function of the annealing temperature. Films were sputtered at 
different oxygen content in the sputtering gas at 1.3 Pa and 250 mA from metallic 
Sn:Sb targets with different Sb doping concentration: (a): Undoped Sn and (b): Sn:Sb 
with 3 wt.% Sb.  
 
 
Temperature dependent stress (curvature)   The mechanical stress of the SnOx:Sb 
films determined by the curvature method during the post-deposition annealing in 
vacuum is depicted in Figure 5.43 as a function of the annealing temperature.  
Up to temperatures of 250°C the stress is mainly constant. At higher temperatures 
the tensile stress abruptly increases. This increase takes place at higher temperature 
 108
(around 350°C) for SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb 
compared to the case of undoped SnOx films (300°C). Upon cooling down the stress 
slightly decreases due to thermal stress in the films. This effect is more pronounced 
for SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb compared to the 
undoped SnOx films. 
 
Stress (curvature)   The results of the stress measurements after post-deposition 
annealing at 440°C in vacuum are depicted in Figure 5.44 as a function of the oxygen 
content in the sputtering gas. The stress of undoped SnOx films (shown in Figure 5.44 
(a)) has a value around 1.5 GPa after annealing at 440°C in vacuum. For SnOx:Sb 
films doped with 3% Sb the stress after annealing at 440°C increases from 0.85 GPa to 
1.5 GPa with increasing oxygen content in the sputter gas during deposition, as 
depicted in Figure 5.44 (b). The stress after post-deposition annealing is mostly larger 
for undoped SnOx films compared to SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb. 
 
 
Figure 5.44 Stress of SnOx:Sb films with different Sb doping concentration as 
deposited and after post annealing at 440°C. Films were sputtered at different 
oxygen content in the sputtering gas at 1.3 Pa and 250 mA from metallic Sn:Sb targets 
with different Sb doping concentration: (a): Undoped Sn and (b): Sn:Sb with 3 wt.% 
Sb. The Stress was determined by the curvature method. Vertical lines show the 
position of films with lowest resistivity as deposited. 
 
 
Strain (XRD)   Besides the average stress determined by the curvature method 
the strain of the crystal lattice has also been determined from the position of reflexes 
of X-ray diffraction measurements. The strain from XRD measurements is depicted in 
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Figure 5.45 after post-deposition annealing at 300°C (red) and 375°C (brown) as a 
function of the oxygen content in the sputtering gas during deposition. Results of the 
undoped SnOx films are shown in Figure 5.45 (a) and of SnOx:Sb films sputtered from 
the Sn:Sb target with 3 wt.% Sb are shown in Figure 5.45 (b), respectively. 
The contraction of the crystal lattice slightly increases after post-deposition 
annealing at 300°C and further enlarges at 375°C. The strain of undoped SnOx films 
reaches -0.3% to -0.7% after annealing at 375°C and the SnOx:Sb films sputtered from 
the Sn:Sb target with 3 wt.% Sb exhibit strain values of -0.3% to -1% after annealing at 
375°C. The strain after annealing is slightly larger of SnOx:Sb films sputtered from 
the Sn:Sb target with 3 wt.% Sb.  
Upon post-deposition annealing additional oxygen in interstitial sites of the 
crystal lattice migrates to the grain boundaries [Mer2006]. The crystal lattice might 
contract after removal of the oxygen that presumably caused a lattice expansion in 
the as deposited state.  
 
 
Figure 5.45 Strain of SnOx:Sb films with different Sb doping concentration as 
deposited and after post annealing at 300°C (red) and 375°C (brown). Films were 
sputtered at different oxygen content in the sputtering gas at 1.3 Pa and 250 mA from 
metallic Sn:Sb targets with different Sb doping concentration: (a): Undoped Sn and 
(b): Sn:Sb with 3 wt.% Sb. The stress was evaluated from the dominant (211) reflex of 
X-ray diffraction measurements. Vertical lines show the position of films with lowest 
resistivity as deposited. 
 
 
FWHM (XRD)   From X-ray diffraction measurements the full width half 
maximum (FWHM) of the dominant (211) reflex has been determined. In Figure 5.46 
the FWHM of the (211) reflex of SnOx:Sb films in the as deposited state and after 
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post-deposition annealing at 300°C (red) and 375°C (brown) is depicted as a function 
of the oxygen content in the sputtering gas during deposition.  
As depicted in Figure 5.46 (a), the FWHM of undoped SnOx films, sputtered at 
relatively high oxygen content in the sputtering gas, increases upon annealing at 
300°C by 0.3°. For higher temperatures (375°C) the FWHM does not further increase 
and remains almost unchanged at values around 0.8-0.9°. At lower oxygen content in 
the sputtering gas during deposition the FWHM has a larger value of 1.3° after 
annealing at 375°C. Note, also for the as deposited state here, the highest values are 
obtained.  
 
 
Figure 5.46 FWHM of the (211) reflex of SnOx:Sb films with different Sb doping 
concentration as deposited and after post annealing at 300°C (red) and 375°C 
(brown). Films were sputtered at different oxygen content in the sputtering gas at 
1.3 Pa and 250 mA from metallic Sn:Sb targets with different Sb doping 
concentration: (a): Undoped Sn and (b): Sn:Sb with 3 wt.% Sb. Vertical lines show the 
position of films with lowest resistivity as deposited. 
 
 
The FWHM is an indicator for the crystallinity of the films and for the microstrain 
in the films. A pronounced X-ray reflex due to large crystal grains exhibits a small 
FWHM; microstrain leads to broadening of the X-ray reflex.  
Upon annealing the oxygen in interstitial positions in the crystal lattice might 
migrate to the grain boundaries. The oxygen rich grain boundaries stabilise a fine-
grained structure [Loe1996]. Presumably, the grain size of the tin oxide crystals does 
not increase due to the increase of the FWHM. Upon migration to the grain 
boundaries the oxygen is removed from its interstitial positions of the crystal lattice. 
This maybe leads to an average non-uniform strain of the lattice. The microstrain 
 111
results in a larger FWHM. After annealing at 300°C, as displayed by the broader 
(211) reflex, the microstrain of undoped SnOx films is thus, assumed to increase. At 
higher temperatures the microstrain does not further increase.  
The FWHM of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb is 
depicted in Figure 5.46 (b). At high oxygen content in the sputtering gas the FWHM 
remains constant at 0.5° after annealing at 300°C and 375°C. At lower oxygen content 
the FWHM increases after annealing at 300°C from 0.8° to 1° and further enlarges to 
1.3° for films annealed at 375°C. Here, the microstrain might only develop at low 
oxygen contents in the sputtering gas. Maybe a larger grain size observed for 
SnOx:Sb films doped with 4 at.% Sb [Stj1994] might result in a smaller FWHM. The 
larger grain size might compensate the increase of the FWHM resulting from 
microstrain.  
 
 
 
Summary and Conclusion 
 
A post-deposition treatment of the films has been performed to improve the film 
properties. The effect of a post-deposition annealing on the properties of films with 
different Sb doping concentration has been investigated. Upon post-deposition 
annealing the Sb incorporated as doping atoms in the films has an important 
influence on the electrical and structural properties of the SnOx:Sb films. 
 
Optical properties   The optical properties after post-deposition annealing are 
independent of the incorporation of Sb as doping atoms. Only the optical band gap 
of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb has a slightly larger 
value after annealing at 375°C than that of undoped SnOx films.  
 
Electrical properties   The resistivity of SnOx:Sb films sputtered from the Sn:Sb 
target with 3 wt.% Sb is less sensitive to temperature than the resistivity of undoped 
SnOx films.  
After post-deposition annealing at 300°C the films show a metal like behaviour, 
undoped SnOx films reach lower resistivities than SnOx:Sb films sputtered from the 
Sn:Sb target with 3 wt.% Sb. Upon annealing at higher temperature (375°C) undoped 
SnOx films become semiconducting and the resistivity of undoped SnOx films 
increases more than the resistivity of SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb that remain metal like. Maybe a diffusion of alkali ions (Na, K, Li) 
from the substrate deteriorates the electrical properties. The alkali ions might act as 
electron traps, maybe leading to the semiconducting transport in undoped tin oxide. 
Upon post-deposition annealing the Sb dopants maybe could be somehow activated 
as donors that compensate the electron trap by alkali ions. 
The resistivity is related to the carrier concentration and mobility. After annealing 
the carrier concentration increases. For SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb the carrier concentration further increases for higher annealing 
temperatures of 375°C compared to 300°C, while for undoped SnOx films the carrier 
concentration at 375°C is decreased again. The mobility of the undoped SnOx films 
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remains almost constant, while the mobility of SnOx:Sb films sputtered from the 
Sn:Sb target with 3 wt.% Sb decreases at higher temperature again.  
Maybe upon post-deposition annealing the Sb dopants could be somehow 
activated as donors leading to the increase of the carrier concentration and resulting 
in a lower mobility presumably due to a higher scattering at ionised Sb impurities. 
Thus, the resistivity is limited by the carrier concentration for undoped SnOx films 
and by the mobility for SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb. 
 
Structural properties   During post-deposition annealing the mechanical stress in 
the films is almost constant up to 250°C, at higher temperatures the stress abruptly 
increases. The increase of the stress takes place at higher temperature (around 350°C) 
for SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb compared to that 
for undoped SnOx films (300°C). The strain of the crystal lattice also increases after 
annealing at 300°C and further enlarges after annealing at 375°C. The stress of the 
samples (measured by the curvature method) and the strain of the crystal lattice of 
SnOx:Sb films with different doping concentration seem to be independent of the Sb 
doping concentration. This implies that the additional Sb atoms are incorporated 
without additional stress and strain of the crystal lattice.  
The full width half maximum (FWHM) of the dominant (211) X-ray diffraction 
reflex has been analysed as indicator of the microstrain in the SnOx:Sb films. Upon 
annealing at 300°C the microstrain in the undoped SnOx films increases and remains 
constant for further increasing temperature. In contrast, the microstrain of SnOx:Sb 
films sputtered from the Sn:Sb target with 3 wt.% Sb remains mainly constant upon 
annealing. 
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6 Investigation of TiOx:Nb Films as Alternative TCO 
 
In this chapter the investigations on the sputter deposition of TiOx:Nb as 
alternative TCO material to ITO are presented. At first, the process parameters are 
described, followed by the analysis of the film properties in the as deposited state 
and after post-deposition treatments. In the second part the influence of the doping 
concentration on film properties is investigated. 
 
6.1 Sputter Deposition of TiOx:Nb 
 
For the sputter deposition a planar metallic titanium target of 75 mm diameter 
has been used, with a doping concentration of 5 wt.% niobium. The target-to-
substrate distance has been fixed to 55 mm. Prior to deposition, the system has been 
evacuated to a base pressure of less than 5 × 10-4 Pa.  
The sputtering process of TiOx:Nb has been characterised for different sputtering 
pressures and currents. The pressure has been varied from 0.8 Pa to 1.5 Pa and to 
3 Pa and the sputtering current has been set to 0.9 A and 1.6 A. The oxygen flow has 
been varied from 0 to 15 sccm to grow TiOx:Nb films. The oxygen content in the 
sputtering gas is characterised by the ratio of the oxygen flow (O2) to the total gas 
flow (Ar + O2). 
For different sputtering pressures and currents the process parameters target 
voltage, oxygen partial pressure and deposition rate have been analysed as a 
function of the oxygen content in the sputtering gas, depicted in Figure 6.1.  
 
Process parameter: Target voltage   The target voltage is shown in Figure 6.1 (a) 
as a function of the oxygen content in the sputtering gas. The voltage values are 
vertically shifted for separation by 110 V, 230 V and 350 V for the blue, grey and dark 
grey curve, respectively. Introducing a small content of oxygen into the sputtering 
gas, the target voltage only slightly changes and remains in the metallic mode. At the 
critical oxygen content the target voltage rapidly increases by 150 V and ascends into 
the oxidic regime. The voltage difference arises probably due to a different secondary 
electron emission coefficient of the oxidised target compared to that of the 
elementary metal titanium target. Upon further increasing the oxygen content the 
voltage remains almost constant. Successively decreasing the oxygen content, the 
target voltage remains constant until reaching the critical oxygen content where the 
target voltage drops into the metallic mode. The transition into the metallic mode is 
shifted to lower oxygen content, showing a typical hysteresis.  
The hysteresis is shifted to higher oxygen content in the sputtering gas upon 
increasing the sputtering current from 0.9 A to 1.6 A. This is assumed to be related to 
a higher sputtering yield. When increasing the sputtering pressure from 0.8 Pa to 
1.5 Pa, the hysteresis is shifted to lower oxygen content in the sputtering gas. The 
width of the hysteresis becomes smaller. Further increasing the sputtering pressure 
to 3 Pa (by an additional shutter valve) leads to a broader hysteresis due to a 
decreased throughput of the vacuum pump [Ber2005]. 
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Figure 6.1 Process parameter of reactive dc MS from a metallic Ti:Nb (95:5) target. 
(a): Target voltage and (b): oxygen partial pressure measured by a lambda probe as 
functions of the oxygen content in the sputtering gas. Open symbols denote values 
for increasing oxygen content while closed symbols show the value for decreasing 
oxygen. The voltage values are vertically shifted for separation by 110 V, 230 V and 
350 V for the blue, grey and dark grey curve, respectively. (c): Deposition rate as a 
function of the oxygen content in the sputtering gas. 
 
 
Oxygen partial pressure   Figure 6.1 (b) displays the oxygen partial pressure as a 
function of the oxygen content in the sputtering gas. At low oxygen content the 
oxygen partial pressure only slightly increases due to consumption of oxygen at the 
collecting area (e.g. chamber walls). At the critical oxygen content where the target 
voltage ascends into the oxidic mode, the oxygen partial pressure also increases.  
With further increasing oxygen the oxygen partial pressure linearly increases. The 
slope of the increasing partial pressure is related to the process parameters, with 
increasing pressure the slope increases as well. The sputtering current does not affect 
the slope of the oxygen partial pressure (see the curves for varying sputtering current 
at 0.8 Pa in Figure 6.1 (b)).  
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Decreasing the oxygen content again, the oxygen partial pressure decreases and 
drops to the metallic mode correlated to the target voltage. 
 
A hysteresis is apparent in the oxygen partial pressure and the target voltage. The 
characteristics of the target voltage and the oxygen partial pressure display the trend 
expected for reactive sputtering, as described in section 3.1 (see also [Ber2005, 
Ohr2002]).  
 
Deposition rate   The deposition rate is depicted in Figure 6.1 (c) as a function of 
the oxygen content in the sputtering gas for different sputtering pressures and 
currents. With increasing oxygen content the deposition rate decreases, e.g. at 0.8 Pa 
and 0.9 A from 15 nm/min to 8 nm/min.  
A high current of 1.6 A increases the deposition rate to the range of 15-25 nm/min 
due to a higher energy of the ions sputtering material from the target.  
A high pressure decreases the deposition rate due to a larger scattering of the 
sputtered material. At 1.5 Pa and 0.9 A the deposition rate is in the range of 8-
20 nm/min and further decreases to 5-10 nm/min at 3 Pa. If a particle looses too 
much energy due to scattering, it cannot reach the substrate anymore.  
In summary, a low sputtering pressure and a high sputtering current result in an 
increased deposition rate. 
 
 
 
Summary and conclusion 
 
The process parameters show a distinct behaviour related to the oxygen content 
in the sputtering gas. A hysteresis is apparent in the target voltage and the oxygen 
partial pressure, which display the characteristic trend expected for reactive 
sputtering (see section 3.1 and [Ber1987, Ber2005, Ohr2002]).  
The appearance of the hysteresis depends on the sputtering pressure, sputtering 
current and the throughput of the vacuum pumps.  
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6.2 Preparation of TiOx:Nb Films 
 
At various process parameters (sputtering pressures and currents) TiOx:Nb films 
have been sputtered in the oxidic regime. Post-deposition treatments have been 
performed to improve the film properties. The TiOx:Nb films have been analysed in 
the as deposited state and after post-deposition annealing in order to correlate the 
electrical, optical and structural film properties and to study the impact of annealing. 
 
Electrical properties: Resistivity   In the as deposited state all films exhibit a high 
resistance that was not measurable. The resistivity after post-deposition annealing at 
550°C in vacuum or hydrogen atmosphere for 1 h is depicted in Figure 6.2 as a 
function of the oxygen content in the sputtering gas during deposition. Films 
sputtered at low pressure of 0.8 Pa have a high resistivity of 103 Ω cm after post-
deposition annealing. An increased sputtering pressure of 1.5 Pa results in a 
resistivity of 0.67-20 Ω cm. A further increase of the sputtering pressure to 3 Pa is 
accomplished by decreasing the throughput of the vacuum pumps with a shutter 
valve. The films sputtered at 3 Pa exhibit resistivities of 1-2000 Ω cm, showing a 
higher scattering.  
 
 
Figure 6.2 Resistivity of TiOx:Nb films prepared by reactive dc MS from a metallic 
Ti:Nb (95:5) target and post-deposition annealing at 550°C in vacuum or hydrogen 
atmosphere for 1 h. Open symbols represent films sputtered on rectangular 
substrates for stress measurements. 
 
 
Comparing the atmosphere during the post-deposition annealing (vacuum or 
hydrogen), the TiOx:Nb films annealed in hydrogen show a resistivity of the same 
range compared to that for vacuum annealed films; the data are listed in Table 6.1. 
Hoang et al. also report that the resistivity is independent of the annealing in 
vacuum or hydrogen atmosphere [Hoa2008].  
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Table 6.1 Resistance and resistivity of TiOx:Nb films sputtered at different oxygen 
content in the sputtering gas by reactive dc MS from a Ti:Nb (95:5) target at 1.5 Pa 
and 0.9 A after annealing at 550°C in vacuum or hydrogen for 1 h. 
O2/(Ar+O2)  
[%] 
Annealing 
atmosphere 
Resistance  
[Ω] 
Resistivity  
[Ω cm] 
12.3 Vacuum 3.8 × 104 1.64 
hydrogen 4.4 × 104 1.63 
5.4 Vacuum 6.4 × 104 2.19 
hydrogen 1.3 × 105 3.90 
4.4 Vacuum 3.3 × 104 1.53 
hydrogen 1.5 × 104 0.67 
 
 
In order to prepare films of low resistivity, the process parameters during 
deposition are the important factor. A sputtering pressure of 1.5 Pa during the 
deposition shows the best results to obtain films of low resistivity after post-
deposition annealing at 550°C in vacuum or hydrogen for 1 h.  
The lowest resistivity of 671 mΩ cm obtained in this study is still higher 
compared to 0.2-0.3 mΩ cm reported in literature [Fur2005]. Thus, the resistivity has 
to be further decreased to obtain films suitable as TCO. 
 
 
Optical properties   In order to correlate electrical and optical properties optical 
measurements have been performed. The optical properties have been determined 
by modelling the optical spectra using the OJL model [OLe1997]. 
 
Transmittance   The optical properties of TiOx:Nb films are shown in Figure 6.3 as 
a function of the oxygen content in the sputtering gas. The films exhibit a high 
average transmission in the visible (380-780 nm) of 70-80%, depicted in Figure 6.3 (a). 
The average transmission in the visible is almost independent from process 
parameters. Upon post-deposition annealing at 550°C in vacuum for 1 h the average 
transmission in the visible slightly decreases due to an increase of the absorption. 
 
Refractive index   The optical properties are almost independent from the 
sputtering parameters during deposition. With increasing sputtering pressure the 
refractive index slightly decreases from 2.5-2.6 at 0.8 Pa to 2.4-2.5 at 1.5 Pa and to 2.3-
2.4 at 3 Pa (depicted in Figure 6.3 (b)). Thus, the refractive index (at 589 nm) is close 
to the value of 2.4 corresponding to anatase TiO2 [Hoa2008]. 
 
Optical band gap   The optical band gap is depicted in Figure 6.3 (c). Films 
sputtered at higher pressures (1.5 Pa and 3 Pa) exhibit slightly larger band gaps of 
3.2-3.3 eV compared to 3.1-3.2 eV at 0.8 Pa. The band gap is in the range from 3.1 eV 
to 3.3 eV, close to the band gap of anatase TiO2 [Fur2005].  
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Due to a band gap larger than 3.1 eV the absorption edge is lower than the visible 
range of light (see chapter 2). Thus, the transparency of the titanium oxide films is 
not affected by the lower band gap as confirmed by the determination of the 
transmission in the visible range of light. 
 
Figure 6.3 Optical properties of TiOx:Nb films prepared by reactive dc MS from a 
metallic Ti:Nb (95:5) target at various sputtering parameters as deposited (light 
colour) and after post-deposition annealing at 550°C in vacuum for 1 h (dark colour) 
as a function of the oxygen content in the sputtering gas. (a): Average transmission in 
the visible (380-780 nm). The black line shows the average transmission in the visible 
of the glass substrate. (b): Refractive index taken at a wavelength of 589 nm. The 
solid black lines represents the refractive index of anatase TiO2 [Hoa2008] and the 
dashed line of rutile TiO2 [Wea1988]. (c): Optical band gap. The black line shows the 
band gap of anatase TiO2 [Fur2005] and the dashed line of rutile TiO2 [Cam1999]. 
 
 
Optical properties – Structural properties   The lower band gap and higher 
refractive index of films sputtered at 0.8 Pa (see above) can be related to the 
structural properties (depicted in Figure 6.4). The films exhibiting a low band gap 
(sputtered at 0.9 A and at 10.8% and 23.5% oxygen content, depicted in Figure 6.4 (a), 
as well as the films sputtered at 1.6 A and at 16.2% and 19.7% oxygen content, 
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depicted in Figure 6.4 (b)) contain a fraction of rutile TiO2 [PDF86-0148], which has a 
distinct lower band gap of 3.0 eV [Cam1999] than the anatase phase of TiO2 (3.2 eV 
[Fur2005]). For films sputtered at 1.6 A this effect is a bit more pronounced compared 
to that for the films sputtered at 0.9 A. 
 
 
Figure 6.4 X-ray diffraction patterns of TiOx:Nb films prepared by reactive dc MS 
at 0.8 Pa from a metallic Ti:Nb (95:5) target as deposited (light colour) and after post-
deposition annealing at 550°C in vacuum for 1 h (dark colour). Films have been 
prepared at different oxygen content in the sputtering gas at a sputtering current of 
(a): 0.9 A and (b): of 1.6 A. Scans are vertically shifted for separation. The black solid 
and dashed vertical line show the diffraction peak position of anatase [PDF86-1157] 
and rutile TiO2 [PDF86-0148], respectively. 
 
 
Structure depending on the sputtering current   The X-ray diffraction patterns of 
films sputtered at 0.8 Pa are depicted in Figure 6.4 in the as deposited state in light 
grey and after post-deposition annealing at 550°C in vacuum for 1 h in darker grey. 
In the as deposited state the TiOx:Nb films sputtered at 0.8 Pa have a structure with 
broad X-ray reflexes of low intensity. At higher oxygen content in the sputtering gas 
the reflex for anatase TiO2 [PDF86-1157] becomes more pronounced, especially for a 
higher sputtering current of 1.6 A (Figure 6.4 (b)).  
After post-deposition annealing the X-ray reflexes of the TiOx:Nb films increase. 
With lower oxygen content in the sputtering gas the X-ray reflex of the anatase TiO2 
after annealing increases more pronounced than at higher oxygen content, displayed 
by a higher intensity and smaller full width half maximum (FWHM). The rutile 
fraction [PDF86-0148] only slightly increases.  
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The overall crystallinity of the films improves after annealing due to growth of 
the crystal grains and crystallisation of as deposited amorphous fraction. The anatase 
structure is favoured after annealing. However, depending on the process conditions, 
also fractions of the rutile phase are observed. 
 
Figure 6.5 X-ray diffraction patterns of TiOx:Nb films prepared by reactive dc MS 
at 0.9 A from a metallic Ti:Nb (95:5) target as deposited (light colour) and after post-
deposition annealing at 550°C in vacuum for 1 h (dark colour). Films have been 
prepared at different oxygen content in the sputtering gas at a sputtering pressure of 
(a): 0.8 Pa, (b): of 1.5 Pa and (c): of 3 Pa. Scans are vertically shifted for separation. 
The black solid and dashed vertical line show the diffraction peak position of anatase 
[PDF86-1157] and rutile TiO2 [PDF86-0148], respectively. 
 
 
Structure depending on sputtering pressure   In Figure 6.5 the structure of 
TiOx:Nb films is analysed for different sputtering pressures, the current is fixed to 
0.9 A. TiOx:Nb films sputtered at higher pressure (1.5 Pa and 3 Pa) than 0.8 Pa are all 
amorphous in the as deposited state. After post-deposition annealing at 550°C in 
vacuum for 1 h the films crystallise predominantly in the anatase TiO2 structure 
[PDF86-1157]. With decreasing oxygen content in the sputtering gas the intensity of 
the anatase X-ray reflex increases and the FWHM decreases after annealing. 
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Displayed by more pronounced and sharper X-ray reflexes after annealing, the 
crystallinity of the films improves at lower oxygen content.  
Increasing the pressure from 0.8 Pa to 1.5 Pa and 3 Pa eliminates the rutile film 
fraction in the as deposited state as well as for the post-deposition annealed state. 
Only for the films sputtered at 0.8 Pa a small fraction of the material crystallises in 
the rutile phase. At high sputtering pressure (3 Pa) the anatase X-ray reflex after post-
deposition annealing decreases compared to 1.5 Pa due to more defects in the 
TiOx:Nb films. For such a high pressure the throughput of the vacuum pumps is 
decreased by an additional shutter valve, leading to an increased scattering of the 
sputtered material and more defects in the films. 
 
Stress (curvature)   The peak position of the X-ray diffraction patterns might be 
related to the mechanical stress in the TiOx:Nb films. Here, the stress has been 
determined by the curvature method. In Figure 6.6 and Figure 6.7 the stress is shown 
as a function of the temperature during post-deposition annealing in vacuum.  
 
 
Figure 6.6 Stress of TiOx:Nb films prepared by reactive dc MS at 0.8 Pa from a 
metallic Ti:Nb (95:5) target as a function of the annealing temperature during post-
deposition annealing in vacuum. Films have been prepared at different oxygen 
content in the sputtering gas at a sputtering current of (a): 0.9 A and (b): of 1.6 A.  
 
 
Stress depending on sputtering current   The stress of TiOx:Nb films sputtered 
by reactive dc MS from a metallic Ti:Nb target at 0.8 Pa and at 0.9 A and 1.6 A is 
depicted in Figure 6.6 (a) and (b), respectively. In the as deposited state the films 
exhibit compressive stress; films sputtered at 0.9 A have a lower stress of -600 MPa to 
-200 MPa compared to -750 MPa to -450 MPa for films sputtered at a higher current 
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of 1.6 A. The increased current is leading to an increased deposition rate (see 
chapter 6.1). Maybe for a higher deposition rate the absorbed particles have less time 
to find an optimum bonding site resulting in a more stressed film structure. 
During annealing up to 200°C the stress remains almost constant. At around 
260°C the stress abruptly changes probably due to crystallisation [Hoa2008, 
Mer2011]. This assumption is further studied later in this section, see Figure 6.8. The 
compressive stress decreases and the films evolve tensile stress that compensates the 
compressive stress in the films. It is assumed that crystallites are formed in the 
amorphous film. Due to the difference of the density of the crystal phase compared 
to that of the amorphous phase stress is generated [Mer2011]. The crystallites exhibit 
a higher density and might induce tensile stress in the film.  
Films sputtered at lower current of 0.9 A develop higher tensile stress than films 
sputtered at 1.6 A. At high oxygen content in the sputtering gas the films evolve not 
that distinct increase of tensile stress because the films are already composed of large 
fractions of anatase TiO2 (see Figure 6.4).  
With increasing temperature the tensile stress further increases probably due to 
grain growth, grain boundary relaxation or defect annihilation [Cha1972, Hof1976, 
Ohr2002]. Upon decreasing temperature the stress remains constant. There is no 
thermal stress induced in the films due to equal thermal expansion coefficient of the 
glass and of TiOx:Nb. The thermal expansion coefficients are 9-9.5 10-6 K-1 for glass 
[Sew2005] and 7.1-9.2 10-6 K-1 for TiO2 [Wea1988]. This means that the films remain in 
the phase generated by the annealing. 
After annealing the final stress is around 450 MPa of films sputtered at 0.9 A, 
while films sputtered at 1.6 A end almost unstressed.  
 
Stress depending on sputtering pressure   In Figure 6.7 the stress of TiOx:Nb 
films is shown for different sputtering pressures of 0.8 Pa (a), 1.5 Pa (b) and 3 Pa (c). 
In the as deposited state the stress decreases for higher sputtering pressure. The films 
sputtered at 1.5 Pa and 3 Pa are almost unstressed in the as deposited state, while the 
films sputtered at 0.8 Pa exhibit compressive stress of -600 MPa to -200 MPa. This 
might be due to the more softened sputter process due to the lower particle energies 
that are slowed down by the higher pressure.  
Upon post-deposition annealing in vacuum the stress remains constant up to 
200°C. Between 250°C and 270°C the tensile stress abruptly increases probably due to 
crystallisation of the amorphous film fraction. The crystallisation temperature is 
shifted to lower values for films sputtered at higher oxygen content in the sputtering 
gas (e.g. for 1.5 Pa the crystallisation temperature is 270°C at 4.4% oxygen content, 
decreases to 265°C at 5.4% oxygen content and to 250°C at 12.3% oxygen content). 
Hoang et al. also observed a shift in the crystallisation temperature of TiOx:Nb films 
sputtered by reactive rf MS from a ceramic Ti0.963Nb0.037Ox target to lower 
temperature values for higher oxygen contents in the sputtering gas [Hoa2008]. 
At higher temperatures the tensile stress further increases due to grain growth or 
defect annihilation. Decreasing the temperature successively, the stress remains 
constant due to equal thermal expansion coefficients of the glass substrate and the 
TiOx:Nb film. 
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After annealing the final stress is around 450 MPa for films sputtered at a 
sputtering pressure of 0.8 Pa, 800-900 MPa for 1.5 Pa and 400-500 MPa for 3 Pa.  
 
Figure 6.7 Stress of TiOx:Nb films prepared by reactive dc MS at 0.9 A from a 
metallic Ti:Nb (95:5) target as a function of the annealing temperature during post-
deposition annealing in vacuum. Films have been prepared at different oxygen 
content in the sputtering gas at a sputtering pressure of (a): 0.8 Pa, (b): of 1.5 Pa and 
(c): of 3 Pa. 
 
 
Stepwise annealing   After annealing of an as deposited amorphous TiOx:Nb film 
(sputtered at 4.5% oxygen content in the sputtering gas at 1.5 Pa and 0.9 A) stepwise 
to 310°C and to 440°C in vacuum the mechanical stress and the structure have been 
determined in order to investigate the change of the stress induced at 250-300°C.  
Upon annealing at 310°C the tensile stress in the film rapidly increases from 
90 MPa to 540 MPa at 260°C, depicted in Figure 6.8 (a). This correlates with an 
increase of the density as further studied in chapter 6.3. During cooling down to 
room temperature the stress remains constant. There is no thermal stress induced 
due to equal thermal expansion coefficients of the glass substrate and the TiOx:Nb 
film. Analysing the structure of the films after the first post-deposition annealing (to 
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310°C), depicted in Figure 6.8 (b), the film has a crystalline structure of anatase TiO2 
[PDF86-1157]. 
Upon a second annealing to 440°C the stress follows the same path as for cooling 
down. Exceeding 310°C the tensile stress further increases until the final stress of 
770 MPa is reached at 440°C. The further increase of the stress at temperatures higher 
than 310°C is assumed to be due to grain growth, grain boundary relaxation or defect 
annihilation. After the second annealing to 440°C the structure remains anatase TiO2, 
the reflex position slightly moves to higher angles due to the larger stress in the 
films.  
 
 
 
Figure 6.8 Stepwise annealing of a TiOx:Nb sample sputtered by reactive dc MS 
from a metallic Ti:Nb (95:5) target at 1.5 Pa, 0.9 A and 4% oxygen content in the 
sputtering gas. The post-deposition annealing has been performed in vacuum. (a): 
Stress measurement as a function of the annealing temperature. First annealing to 
310°C is depicted in blue and second annealing to 440°C in dark blue. (b): X-ray 
diffraction patterns in the as deposited state (light blue) and after annealing at 310°C 
(blue) and 440°C (dark blue). The black solid and dashed vertical line show the 
diffraction peak position of anatase [PDF86-1157] and rutile TiO2 [PDF86-0148], 
respectively. 
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Summary and Conclusion 
 
TiOx:Nb films have been sputtered at various process parameters. The sputtering 
current and the sputtering pressure have been varied. Post-deposition treatments 
have been performed to improve the film properties.  
 
Electrical properties   In the as deposited state films are highly resistive, a post-
deposition annealing in reducing atmosphere leads to films of lower resistivity. The 
sputtering pressure during the deposition is an important factor in order to obtain 
films of low resistivity after post-deposition annealing. Films sputtered at 1.5 Pa 
show the best results of 0.67-20 Ω cm induced by a more “softened” sputtering 
process that provides films with a lower defect density. A higher sputtering pressure 
of 3 Pa leads to a higher scattering and thus, increases the defect density in spite of 
the “soft” plasma.  
The lowest resistivity of 671 mΩ cm obtained in this study is still higher 
compared to 0.2-0.6 mΩ cm reported in literature [Fur2005, Hoa2008]. Hall 
measurements have shown that the carrier concentration of the TiOx:Nb films is 
approximately 1017 cm-3 (see also chapter 6.3) and thus, limiting the electrical 
conductivity. Thus, the resistivity has to be further decreased to obtain films suitable 
as TCO. 
 
Optical properties   The optical properties are almost independent of the 
sputtering parameters during deposition. The TiOx:Nb films exhibit a high average 
transmission in the visible of 70-80% that slightly decreases after post-deposition 
annealing due to an increase of the absorption. The refractive index (at 589 nm) and 
the band gap are close to the values of anatase TiO2. At higher sputtering pressure 
(1.5 Pa and 3 Pa) the refractive index slightly decreases and the band gap is slightly 
larger than at 0.8 Pa. The higher refractive index and lower band gap of films 
sputtered at 0.8 Pa are related to a rutile TiO2 fraction in the films.  
 
Structural properties   The structural properties of the TiOx:Nb films are strongly 
related to the sputtering conditions. Films sputtered at lower pressure of 0.8 Pa 
exhibit a rutile TiO2 fraction. A higher sputtering pressure eliminates the rutile 
fraction, films sputtered at higher pressures (1.5 Pa and 3 Pa) are all amorphous in 
the as deposited state. Upon annealing as deposited amorphous film fractions 
crystallise in the anatase TiO2 phase. After annealing the crystallinity of the films 
improves due to growth of the crystal grains and crystallisation of as deposited 
amorphous fraction. The anatase TiO2 phase is favoured. The crystallinity of the films 
after annealing is higher with lower oxygen content in the sputtering gas during 
deposition. At higher sputtering pressure (3 Pa) the anatase X-ray reflexes after 
annealing decrease due to more defects in the films caused by a higher scattering of 
the sputtered material during deposition. 
 
Stress (curvature)   The mechanical stress in the films is related to the deposition 
conditions. At high sputtering pressures of 1.5 Pa and 3 Pa the TiOx:Nb films are 
almost unstressed. Decreasing the pressure to 0.8 Pa leads to films with compressive 
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stress of -200 MPa to -600 MPa. The compressive stress is further enlarged to values 
of -450 MPa to -750 MPa upon increasing the sputtering current from 0.9 A to 1.6 A. 
The stress is probably caused by highly energetic particles impinging on the growing 
film. 
During post-deposition annealing at 260-300°C the stress abruptly increases due 
to crystallisation of the amorphous film fraction into the anatase TiO2 phase. At 
higher temperatures the tensile stress increases due to grain growth, grain boundary 
relaxation or defect annihilation. Upon decreasing temperature successively, the 
stress remains constant, there is no thermal stress induced in the films due to equal 
thermal expansion coefficients of the glass substrate and the TiOx:Nb film. 
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6.3 Variation of the Doping Concentration 
 
In order to analyse the influence of the Nb doping concentration on the film 
properties, TiOx:Nb films have been prepared with different Nb doping 
concentrations. Therefore, films have been sputtered from Ti:Nb targets with the Nb 
doping concentration varying from 0 wt.% to 5 wt.%. 
 
Figure 6.9 Process parameters of reactive dc MS from metallic Ti:Nb targets with 
Nb doping concentrations of 5 wt.% (grey), 2 wt.% (green) and 0 wt.% (blue). (a): 
Target voltage and (b): oxygen partial pressure measured by a lambda probe as 
functions of the oxygen content in the sputtering gas. Open symbols denote values 
for increasing oxygen content while closed symbols show the value for decreasing 
oxygen. The values are vertically shifted for separation by 150 V and 350 V for the 
Ti:Nb (98:2) target and for the Ti:Nb (95:5) target, respectively. (c): Deposition rate as 
a function of the oxygen content in the sputtering gas. 
 
 
Process parameters   In Figure 6.9 the process parameters of reactive dc MS from 
metallic targets with varying Nb doping concentration are shown as a function of the 
oxygen content in the sputtering gas. The process parameters have been set to a 
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sputtering pressure of 1.5 Pa and 0.9 A. In foregoing experiments (see chapter 6.2) 
these parameters led to the best properties of the TiOx:Nb films sputtered from a 
Ti:Nb target doped with 5 wt.% Nb. 
 
Target voltage   The target voltage has been analysed for different doping 
concentrations, depicted in Figure 6.9 (a) as a function of the oxygen content in the 
sputtering gas. The voltage values have been vertically shifted for separation by 
150 V and 350 V for the Ti:Nb (98:2) target and for the Ti:Nb (95:5) target, 
respectively. The trend of the target voltage, as already described in section 6.1, is 
almost the same irrespective of the Nb doping concentration of the metallic Ti:Nb 
target. The target voltage abruptly increases probably due to a different secondary 
electron emission coefficient of the oxidised titanium target compared to that of the 
elementary metal target. The voltage difference of metallic to oxidic state amounts to 
147 V for the undoped Ti target and 142 V and 143 V for the Ti:Nb (98:2) target and 
Ti:Nb (95:5) target, respectively. The width of the hysteresis slightly varies maybe 
due to a more pronounced race track of the undoped Ti target compared to the new 
flat Ti:Nb (98:2) target and the slightly used Ti:Nb (95:5) target. 
 
Oxygen partial pressure   The oxygen partial pressure is depicted in Figure 6.9 
(b) as a function of the oxygen content in the sputtering gas for different Nb doping 
concentration of the target. Irrespective of the Nb doping concentration the trend of 
the oxygen partial pressure persists as described in section 6.1. Also, the width of the 
hysteresis slightly varies in the oxygen partial pressure, related to the hysteresis of 
the target voltage. 
 
Deposition rate   The deposition rate also shows the same trend irrespective of 
different Nb doping concentration as shown in Figure 6.9 (c) as a function of the 
oxygen content in the sputtering gas. The deposition rate slightly varies for different 
Nb doping concentration at lower oxygen content in the sputtering gas, but there is 
no correlation of the deposition rate to the Nb doping concentration. 
 
Analysis of film properties   The deposited films have been optically, electrically 
and structurally characterised. A post-deposition annealing in vacuum has been 
performed, since in the foregoing experiments this annealing has turned out to 
improve the film properties. The film properties in the as deposited state and after 
annealing have been analysed in order to relate the properties to the varying Nb 
doping concentration in the TiOx:Nb films.  
 
Optical properties   The optical properties of the TiOx:Nb films sputtered from 
Ti:Nb targets with different Nb doping concentrations have been obtained by 
modelling the optical spectra using the OJL model []. The optical properties of the 
TiOx:Nb films (depicted in Figure 6.10 as a function of the oxygen content in the 
sputtering gas) are independent of the Nb incorporation of up to 5 wt.% doping 
concentration in the Ti:Nb targets.  
The TiOx:Nb films exhibit a high average transmission in the visible (380-780 nm) 
of 70-80% irrespective of the Nb doping concentration, depicted in Figure 6.10 (a). 
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The average transmission of all TiOx:Nb films slightly decreases after a post-
deposition annealing due to an increase of the absorption.  
The refractive index (at 589 nm) of the TiOx:Nb films is independent of the Nb 
doping concentration in the films, shown in Figure 6.10 (b). The refractive index has a 
value between 2.4 and 2.5 which is close to the refractive index of anatase TiO2 
[Hoa2008]. 
The optical band gap of the TiOx:Nb films is depicted in Figure 6.10 (c). The band 
gap has a value of 3.2-3.3 eV that is close to the band gap of anatase TiO2 [Fur2005]. 
At high oxygen content the band gap slightly decreases with decreasing Nb doping 
concentration, but it is not explicitly related to the Nb doping concentration in the 
films.  
 
Figure 6.10 Optical properties of TiOx:Nb films sputtered by reactive dc MS from 
metallic Ti:Nb targets with different Nb concentration as deposited (light colour) and 
after post-deposition annealing in vacuum (dark colour) as a function of the oxygen 
content in the sputtering gas. (a): Average transmission in the visible (380-780 nm). 
The black line shows the average transmission in the visible of the glass substrate. 
(b): Refractive index taken at a wavelength of 589 nm. The solid black lines 
represents the refractive index of anatase TiO2 [Hoa2008] and the dashed line of 
rutile TiO2 [Wea1988]. (c): Optical band gap. The black line shows the band gap of 
anatase TiO2 [Fur2005] and the dashed line of rutile TiO2 [Cam1999]. 
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Electrical properties   The resistivity is strongly related to the Nb incorporation as 
doping atoms, depicted in Figure 6.11 as a function of the oxygen content in the 
sputtering gas. The films have been sputtered from Ti:Nb targets with the Nb doping 
concentration varying from 0 wt.% to 5 wt.%. In the as deposited state all films have 
a very high resistivity. With increasing doping concentration the resistivity of the 
annealed TiOx:Nb films decreases from 104-105 Ω cm of undoped TiOx films to 102-
103 Ω cm of TiOx:Nb films sputtered from Ti:Nb target with 2 wt.% Nb and to 1-
20 Ω cm of films sputtered from a Ti:Nb target with 5 wt.% Nb. Thus, a higher 
doping concentration results in a lower resistivity of the TiOx:Nb films. However, the 
resistivity of the TiOx:Nb films sputtered from a Ti:Nb target with 5 wt.% Nb is still 
limited by a low carrier concentration of only about 1017 cm-3 determined from Hall 
measurements. This carrier concentration is very small, up to now it is not clear, 
whether it is an artefact of the measurement or due to the samples which might be 
inhomogeneous for example.  
 
 
Figure 6.11 Resistivity of TiOx:Nb films sputtered by reactive dc MS from metallic 
Ti:Nb targets with different Nb concentration as a function of the oxygen content in 
the sputtering gas after post-deposition annealing in vacuum. 
 
 
Temperature dependent resistivity   The results of temperature dependent 
resistivity measurements of annealed films are shown in Figure 6.12 as a function of 
the annealing temperature during a second post-deposition annealing in Ar 
atmosphere. With increasing temperature the resistivity decreases; however, the 
TiOx:Nb films still show a semiconducting behaviour irrespective of the Nb doping 
concentration and the oxygen content in the sputtering gas during the deposition. 
Thus, the critical carrier concentration (ncrit = 1.1 × 1018 cm-3) for the Mott transition is 
presumably not obtained. 
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Figure 6.12 Resistivity of TiOx:Nb films sputtered by reactive dc MS from metallic 
Ti:Nb targets with different Nb concentration after post-deposition annealing in 
vacuum as a function of the annealing temperature during a second annealing to 40-
50°C performed in Ar atmosphere.  
 
 
Furthermore, it is observed that during annealing in Ar atmosphere the resistivity 
of the TiOx:Nb films increases at temperatures higher than 50°C, as depicted in 
Figure 6.13. This increase is assumed to be related to an oxidation of the TiOx:Nb by 
absorbed oxygen at the sample surface or residual oxygen in the Ar atmosphere. For 
example, the resistivity of a film sputtered from the Ti:Nb (95:5) target at 4.4% 
oxygen content in the sputtering gas showed an increase from 34 Ω cm to around 
50 Ω cm upon annealing above 50°C (see Figure 6.13). 
 
 
Figure 6.13 Resistivity of a TiOx:Nb film sputtered by reactive dc MS from a 
metallic Ti:Nb (95:5) target at 1.5 Pa, 0.9 A and 4.4% oxygen content in the sputtering 
gas and after post-deposition annealing in vacuum as a function of the annealing 
temperature during a second annealing to 100°C performed in Ar atmosphere. 
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Structural properties   The structural properties of the TiOx:Nb films have been 
determined in the as deposited state and after post-deposition annealing in vacuum 
in order to correlate the film properties to the electrical and optical properties. The 
influence of the Nb doping concentration on the properties of the TiOx:Nb films has 
been analysed. 
 
Density   The density of the films has been determined by XRR measurements of 
the TiOx:Nb films in the as deposited state and after post-deposition annealing in 
vacuum. In Figure 6.14 the density is depicted as a function of the oxygen content in 
the sputtering gas during the deposition. At low oxygen content the density of the 
TiOx:Nb films in the as deposited state has a value of 3.7-3.9 g/cm3 and is close to the 
density of anatase TiO2 [Loe1994]. At high oxygen content in the sputtering gas the 
density of the TiOx:Nb films sputtered from a Ti:Nb target with 0 wt.% and 5 wt.% 
Nb slightly increases to around 4.0 g/cm3. Note, the films sputtered from the new 
flat 2 wt.% Nb doped target are less exposed to ion bombardment compared to the 
other films sputtered from the targets (with 5 wt.% and 0 wt.% Nb) with a 
pronounced erosion race track. This might have an impact on the film density.  
After annealing in vacuum the density increases, depicted by the dark symbols in 
Figure 6.14. The increase of the density is accompanied by a slight decrease of the 
film thickness (of around 1 nm).  
It is assumed that the increase of the density is related to the crystallisation of the 
films. The density of the anatase TiO2 phase (3.84 g/cm3) is higher than that of 
amorphous TiO2 (3.2-3.65 g/cm3) [Loe1994]. 
 
 
Figure 6.14 Density of TiOx:Nb films sputtered by reactive dc MS from metallic 
Ti:Nb targets with different Nb concentration as a function of the oxygen content in 
the sputtering gas as deposited (light colour) and after post-deposition annealing in 
vacuum (darker colour). The solid black line represents the density of anatase TiO2 
and the dashed line of rutile TiO2 [Loe1994]. 
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Structure   The structure of the TiOx:Nb films sputtered from Ti:Nb targets with 
different Nb doping concentration has been analysed in the as deposited state and 
after post-deposition annealing in vacuum, as depicted in Figure 6.15. 
In the as deposited state the TiOx:Nb films are amorphous except one undoped 
TiOx film sputtered at high oxygen content that exhibits a broad rutile X-ray reflex 
[PDF86-0148].  
After post-deposition annealing in vacuum the films crystallise in the anatase 
TiO2 phase [PDF86-1157]. The X-ray reflexes of anatase TiO2 after post-deposition 
annealing are more pronounced sputtered from a Ti:Nb target with 5 wt.% Nb 
doping concentration. The higher Nb incorporation as doping atom in case of 
sputtering from the Ti:Nb (95:5) target is assumed to lead to more pronounced X-ray 
reflexes. Note, the TiOx:Nb films sputtered from the Ti:Nb target with 2 wt.% Nb are 
roughly 100 nm thinner resulting in smaller intensity of the X-ray reflexes.  
 
Figure 6.15 X-ray diffraction patterns of TiOx:Nb films sputtered by reactive dc MS 
from metallic Ti:Nb targets with different Nb concentration at different oxygen 
content in the sputtering gas at 1.5 Pa and 0.9 A as deposited (light colour) and after 
post-deposition annealing in vacuum (dark colour). (a): TiOx:Nb films doped with 
5 wt.% Nb, (b): with 2 wt.% Nb and (c): with 0 wt.% Nb. Scans are vertically shifted 
for separation. The black solid and dashed vertical line show the diffraction peak 
position of anatase [PDF86-1157] and rutile TiO2 [PDF86-0148], respectively. 
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Stress (curvature)   The mechanical stress in the TiOx:Nb films sputtered from 
Ti:Nb targets with different Nb doping concentrations is depicted in Figure 6.16 as a 
function of the annealing temperature during post-deposition annealing in vacuum.  
 
Figure 6.16 Stress measurements of TiOx:Nb films sputtered by reactive dc MS from 
metallic Ti:Nb targets with different Nb concentration at different oxygen contents in 
the sputtering gas, at 1.5 Pa and 0.9 A. (a): TiOx:Nb films doped with 5 wt.% Nb, (b): 
with 2 wt.% Nb and (c): with 0 wt.% Nb. 
 
 
In the as deposited state all TiOx:Nb films are almost unstressed irrespective of 
the Nb doping concentration. An exception is the undoped TiOx film sputtered at 
high oxygen content in the sputtering gas of 12.4% which exhibits a compressive 
stress of around -500 MPa presumably due to a fraction of the rutile TiO2 structure in 
its crystalline phase.  
During annealing up to 200°C the stress in the films remains constant. At higher 
temperature the stress in the films strongly increases due to crystallisation of the 
amorphous film fraction (see section 6.2). At higher temperatures the stress slightly 
increases, presumably due to grain growth, grain boundary relaxation or defect 
annihilation. 
 137
Decreasing the temperature successively, the stress remains constant irrespective 
of the Nb doping concentration. There is no thermal stress induced in the films due 
to equal thermal expansion coefficients of the glass substrate and the TiOx:Nb films. 
 
 
 
Summary and Conclusion 
 
TiOx:Nb films have been prepared with different Nb doping concentration in 
order to analyse the influence of the Nb doping concentration on the film properties,. 
The Nb doping concentration of the target material has been varied from 0 wt.% to 
5 wt.%. 
 
Optical properties   The optical properties have been determined by fits of the 
optical spectra using the OJL model [OLe1997]. The optical properties remain 
unchanged for TiOx:Nb films sputtered from Ti:Nb targets with different Nb doping 
concentrations from 0 wt.% to 5 wt.% Nb. Thus, Nb incorporated as doping atoms 
with a concentration of the Ti:Nb target up to 5 wt.% has no influence on the optical 
film properties.  
 
Electrical properties   Lower doping concentrations result in films with higher 
resistivity after post-deposition annealing. The doping with Nb is an important factor 
for the development of conductive TiOx:Nb films. However, the resistivity of 
TiOx:Nb films sputtered from the Ti:Nb target with 5 wt.% Nb is still limited by a low 
carrier concentration of only about 1017 cm-3. The lowest resistivity of 671 mΩ cm 
obtained in this study of TiOx:Nb films sputtered from the Ti:Nb (95:5) target is still 
higher compared to 0.2-0.6 mΩ cm reported in literature [Fur2005, Hoa2008]. Thus, 
the resistivity has to be further decreased to obtain films suitable as TCO. 
The results of temperature dependent resistivity measurements show that 
TiOx:Nb films show a semiconducting behaviour irrespective of the Nb doping 
concentration. For non-vacuum annealing at temperatures higher than 50°C the 
resistivity of the TiOx:Nb films increases due to oxidation of the TiOx:Nb by absorbed 
oxygen at the sample surface or residual oxygen in the Ar atmosphere. 
 
Structural properties   After post-deposition annealing in vacuum of the TiOx:Nb 
films the density of the films increases probably due to the crystallisation of the 
amorphous TiO2 films into the anatase TiO2 phase. Structurally, the X-ray reflexes of 
anatase TiO2 after post-deposition annealing are more pronounced with higher Nb 
doping concentrations.  
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7 Summary and Conclusion 
 
Alternative transparent conductive oxides to tin doped indium oxide have been 
investigated. In this work, antimony doped tin oxide and niobium doped titanium 
oxide have been studied with the aim to prepare transparent and conductive films. 
The influence of the process parameters on the film properties has been analysed. 
The sputtering process parameters and the doping concentrations have been varied. 
Post-deposition treatments of the films have been performed in order to improve the 
film properties. 
 
 
Antimony doped tin oxide and niobium doped titanium oxide belong to different 
groups of oxides; tin oxide is a soft oxide, while titanium oxide is a hard oxide. Both 
oxides are isolating materials, in case the stoichiometry is SnO2 and TiO2. In order to 
achieve transparent and conductive films free carriers have to be generated by 
oxygen vacancies, by metal ions at interstitial positions in the crystal lattice or by 
cation doping with Sb or Nb, respectively. 
 
For the soft oxide SnOx:Sb, the dominant parameter during the deposition is the 
oxygen content in the sputtering gas. The Sb incorporation as doping atoms has a 
minor influence on the electrical, optical and structural properties. In the as 
deposited state undoped tin oxide films show the best result of 2.9 mΩ cm without 
any post-deposition treatment. 
 
For the hard oxide TiOx:Nb, the reducing atmosphere during the post-deposition 
annealing is crucial to obtain a low resistivity. Best results have been obtained by the 
deposition of amorphous films at higher sputtering pressure (1.5 Pa) that crystallise 
during the post-deposition annealing in the anatase TiO2 phase. The Nb 
incorporation as doping atoms is important for the formation of free charge carriers; 
a higher Nb doping concentration leads to a higher conductivity. 
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Antimony doped tin oxide as alternative TCO 
 
The properties of the SnOx:Sb films in the as deposited state are dominated by the 
influence of the oxygen content in the sputtering gas.  
Irrespective of the Sb doping concentration and variation of the sputtering 
pressure, the electrical, optical and structural properties show a characteristic trend 
as a function of the oxygen content in the sputtering gas.  
 
 
Electrical properties    
 
Within a narrow oxygen content in the sputtering gas the resistivity drops to a 
sharp minimum, irrespective of the sputtering pressure and the Sb doping 
concentration. Presumably, this minimum is related to the stoichiometry of the tin 
oxide films. It is assumed that at low oxygen content in the sputtering gas non-
conducting suboxides are prepared (e.g. Sn2O3 or SnO) while at the distinctive 
oxygen content almost stoichiometric SnO2 is prepared with a low density of defects. 
In this study, the lowest resistivity in the as deposited state is 2.9 mΩ cm of the 
undoped SnOx films. 
At higher oxygen content the electrical properties deteriorate presumably due to 
an oxygen excess. The oxygen might be incorporated in interstitial positions of the 
crystal lattice and might act as electron trap and scattering centre [Mer2006]. 
The distinct minimum resistivity is related to a maximum of mobility and a high 
carrier concentration. Compared to literature [Cho1983] the minimum resistivity is 
limited by a low mobility of the charges.  
At high oxygen content in the sputtering gas both a low mobility and low carrier 
concentration lead to films with a high resistivity. 
 
 
Optical properties    
 
At the oxygen content in the sputtering gas where SnOx:Sb films of low resistivity 
are prepared, the optical film properties show a distinct transition to films with a 
high transmission in the visible related to a strong decrease of absorption, an increase 
to a wide band gap corresponding to SnO2 and a decrease of tail states that decay 
into the band gap.  
The distinct trend in the optical properties is irrespective of the Sb doping 
concentration and the variation of the sputtering pressure. 
 
 
Structural properties    
 
The structural properties also show a trend irrespective of the Sb doping 
concentration. With increasing oxygen content in the sputtering gas, the structure of 
the SnOx:Sb films changes from amorphous Sn2O3 at low oxygen content to a mixture 
of substoichiometric SnO and SnO2. At the transient oxygen content to highly 
 141
transparent and conductive SnOx:Sb films the structure turns from an amorphous 
mixture of SnO and SnO2 to crystalline SnO2 with the density close to bulk SnO2.  
The films have a polycrystalline structure of SnO2 with a preferred (110) and (211) 
orientation. At the transient oxygen content films exhibit small crystallites in an 
amorphous matrix revealed by a strong amorphous background in the diffraction 
patterns, a large full width half maximum (FWHM) and tensile stress in the films.  
At higher oxygen content the surplus of oxygen improves the crystallinity of the 
films. With increasing oxygen content the stress becomes compressive presumably 
due to a higher oxygen ion bombardment and an additional oxygen incorporation 
into the films revealed by an oxygen excess in Rutherford backscattering spectra 
(RBS) and a decrease of the density.  
A lower sputtering pressure increases the compressive film stress leading to 
flaking of the films.  
 
 
 
Post-deposition annealing of SnOx:Sb films    
 
In order to enlarge the deposition conditions for suitable TCO films the electrical 
film properties have to be improved. Therefore, a post-deposition treatment of the 
films has been performed. The properties of the SnOx:Sb films change after post-
deposition annealing. Thus, the film properties are sensitive to temperature. The 
effect of a post-deposition annealing on the properties of films with different Sb 
doping concentration has been further investigated.  
Upon post-deposition annealing the Sb incorporated as doping atoms in the films 
has an influence on the electrical and structural properties of the SnOx:Sb films. 
 
 
Electrical properties    
 
The resistivity decreases upon annealing for temperatures up to 300°C. In this 
range the annealing temperature leads to lower resistivities presumably due to 
healing of defects. Upon annealing oxygen in interstitial sites of the crystal lattice 
might migrate to the grain boundaries. The oxygen in interstitial positions might act 
as electron trap and scattering centre [Mer2006, Fra1982]. Maybe due to removing of 
the oxygen in interstitial positions the resistivity decreases. 
At higher temperatures the resistivity increases again related to the structural 
properties due to stress and microstrain in the films that are assumed to be related 
with the formation of new defects. Maybe a diffusion of alkali ions (Na, K, Li) from 
the substrate into the film deteriorates the electrical properties [Noc2008]. 
 
The resistivity of SnOx:Sb films sputtered from a Sn:Sb target with 3 wt.% Sb is 
less sensitive to temperature than the resistivity of undoped SnOx films. After post-
deposition annealing at 300°C the SnOx:Sb films show a metal like behaviour, 
undoped SnOx films reach lower resistivities of 1.15 mΩ cm compared to 2.1 mΩ cm 
of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb.  
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Upon annealing at higher temperature (375°C) undoped SnOx becomes 
semiconducting and the resistivity of undoped SnOx films increases more than the 
resistivity of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb that 
remain metal like. Presumably, a diffusion of alkali ions from the substrate might 
deliver electron traps, leading to the semiconducting transport in undoped tin oxide. 
Maybe upon post-deposition annealing the Sb dopants could be somehow activated 
as donors that compensate the electron traps by alkali ions. 
 
The resistivity is related to the carrier concentration and mobility. After annealing 
the carrier concentration increases. For SnOx:Sb films sputtered from the Sn:Sb target 
with 3 wt.% Sb the concentration further increases with a higher temperature of 
375°C compared to 300°C, while for undoped SnOx films the carrier concentration at 
375°C decreases again. Maybe upon post-deposition annealing the Sb dopants could 
be somehow activated as donors resulting in the increase of the carrier concentration. 
The mobility of the undoped SnOx films remains almost constant, while the 
mobility of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb decreases at 
higher temperature again. This decrease for doped films might be related to 
scattering at ionised Sb impurities.  
Thus, the resistivity is limited by the carrier concentration for undoped SnOx 
films and by the mobility for SnOx:Sb films sputtered from the Sn:Sb target with 
3 wt.% Sb. 
 
 
Optical properties    
 
The optical properties after post-deposition annealing remain independent of the 
incorporation of up to 3 wt.% Sb in the Sn:Sb target as doping atoms. Only the optical 
band gap of SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb has a 
slightly larger value after annealing at 375°C than that of undoped SnOx films.  
Upon a post-deposition annealing the optical properties slightly change with the 
annealing temperatures above 200°C. A higher temperature of 375°C has a stronger 
influence on the optical properties. The average transmission in the visible increases, 
which is linked to a decrease of the absorption, an increase of the band gap and a 
decrease of the tail states that decay into the band gap region. Related to the band 
gap the refractive index decreases after annealing.  
Thus, the optical properties are sensitive to temperature; a higher temperature 
(375°C) has a stronger influence on the optical properties.  
 
 
Structural properties    
 
During post-deposition annealing the mechanical stress in the films is almost 
constant up to 250°C, at higher temperatures the stress abruptly increases. Upon 
annealing the stress becomes tensile and increases to high values at higher 
temperature (375°C).  
The increase of the stress takes place at higher temperature (around 350°C) for 
SnOx:Sb films sputtered from the Sn:Sb target with 3 wt.% Sb compared to 300°C for 
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undoped SnOx films. The strain of the crystal lattice also increases after annealing at 
300°C and further enlarges after annealing at 375°C. The average stress of the 
samples and the strain of the crystal lattice of SnOx:Sb films with different doping 
concentration are independent of the Sb doping concentration.  
The full width half maximum (FWHM) of the dominant (211) X-ray diffraction 
reflex has been analysed as indicator of the microstrain in the SnOx:Sb films. Upon 
annealing at 300°C the microstrain in the undoped SnOx films increases and remains 
constant for further increasing temperature. In contrast, the microstrain of SnOx:Sb 
films sputtered from the Sn:Sb target with 3 wt.% Sb remains mainly constant upon 
annealing. 
The micro structural evolution of undoped SnOx in contrast to SnOx:Sb sputtered 
from the Sn:Sb target with 3 wt.% Sb upon post-deposition annealing is presumably 
the factor that influences the electrical properties, while the optical properties remain 
unaffected of the Sb incorporation as doping atoms. 
While upon post-deposition annealing the optical properties change more 
pronounced at higher temperature (375°C), the electrical properties are improved 
until 300°C and degrade at higher temperature presumably due to stress and 
microstrain in the films.  
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Niobium doped titanium oxide as alternative TCO 
 
TiOx:Nb films have been sputtered at various process parameters. The sputtering 
current and the sputtering pressure have been varied. Post-deposition treatments 
have been performed to improve the film properties. The influence of the Nb 
incorporated as doping atoms in TiOx has been studied for a doping concentration 
from 0 wt.% to 5 wt.% in the Ti:Nb target.  
 
 
Electrical properties    
 
In the as deposited state, films are highly resistive, a post-deposition annealing in 
reducing atmosphere leads to films of lower resistivity. The sputtering pressure 
during the deposition is an important factor in order to obtain films of low resistivity 
after post-deposition annealing. A higher Nb doping concentration results in lower 
resistivities. Films sputtered from the Ti:Nb target with 5 wt.% Nb at 1.5 Pa show the 
best results; the lowest resistivity obtained in this work is 671 mΩ cm but still higher 
compared to 0.2-0.6 mΩ cm reported in literature [Fur2005, Hoa2008]. The high n-
type conductivity is accompanied by a high mobility of around 20 cm2 V-1 s-1 and a 
high carrier concentration of 1.5-2 1021 cm-3 [Fur2005]. In our study, the resistivity of 
the TiOx:Nb films is limited by a low carrier concentration of about 1017 cm-3. 
The atmosphere during the annealing is crucial to obtain a low film resistivity. In 
vacuum or hydrogen the TiOx:Nb is reduced, while in Ar atmosphere the resistivity 
of TiOx:Nb films increases again due to oxidation of the TiOx:Nb by absorbed oxygen 
at the sample surface or residual oxygen in the Ar atmosphere. The TiOx:Nb is fully 
oxidised in the as deposited state and it is the important matter to be reduced in 
order to obtain films with low resistivity.  
 
 
Optical properties    
 
The optical properties are almost independent of the sputtering parameters 
during deposition and the Nb doping concentration. The TiOx:Nb films exhibit a 
high average transmission in the visible of 70-80% that slightly decreases after post-
deposition annealing due to an increase of the absorption.  
The refractive index and the optical band gap are close to the values of anatase 
TiO2.  
At higher sputtering pressure (1.5 Pa and 3 Pa) the refractive index slightly 
decreases and the band gap is slightly larger than at 0.8 Pa. The higher refractive 
index and lower band gap of films sputtered at 0.8 Pa are related to a rutile TiO2 
fraction in the films.  
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Structural properties    
 
The structural properties of the TiOx:Nb films are strongly related to the 
sputtering conditions. A higher sputtering pressure (1.5 Pa and 3 Pa) eliminates the 
rutile TiO2 fraction observed for films sputtered at 0.8 Pa and results in as deposited 
amorphous films. Upon post-deposition annealing amorphous film fractions 
crystallise in the anatase TiO2 phase. After annealing the crystallinity of the films 
improves due to the crystallisation and growth of the crystal grains. The anatase TiO2 
phase is favoured. The crystallinity of the films after annealing improves with lower 
oxygen content in the sputtering gas during deposition. At higher sputtering 
pressure (3 Pa) the anatase X-ray reflexes after annealing decrease presumably due to 
more defects in the films caused by a higher scattering of the sputtered material 
during deposition. 
 
At high sputtering pressures of 1.5 Pa and 3 Pa the TiOx:Nb films are almost 
unstressed. Decreasing the pressure to 0.8 Pa leads to films with compressive stress 
that is further enlarged upon increasing the sputtering current from 0.9 A to 1.6 A. 
During post-deposition annealing at 260-300°C the tensile stress abruptly 
increases due to crystallisation of the amorphous film fraction into the anatase TiO2 
phase. The density of the films increases leading to contraction of the film and tensile 
stress in the films. At higher temperature the tensile stress increases due to grain 
growth, grain boundary relaxation or defect annihilation.  
Upon decreasing the temperature successively, the stress remains constant, there 
is no thermal stress induced in the films due to equal thermal expansion coefficients 
of the glass substrate and the TiOx:Nb film. 
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8 Outlook 
 
In this study it has been assumed that defects in both materials SnOx:Sb and 
TiOx:Nb strongly influence the electrical and structural properties. Therefore, a defect 
analysis by electron spin resonance (ESR) and optical defect absorption spectroscopy 
would allow to gain more information about the defect states in SnOx:Sb and 
TiOx:Nb. This defect analysis combined with post-deposition annealing would allow 
studying the healing and creating of defects in more detail in order to further reduce 
the film resistivity. 
Maybe a substrate heating during deposition of the films would further improve 
the film properties. A substrate heating would allow studying the film properties 
influenced by a thermal treatment during the deposition of the films. 
For a further improvement of the films, especially of the TiOx:Nb films, an 
increase of the doping concentration would presumably allow to decrease the 
resistivity. Up to 20% of Nb ions are soluble in TiOx. Thus, there seems to be a huge 
potential to further enlarge the Nb doping concentration. The possibility of co-
sputtering would make it possible to vary the Nb doping concentration in more 
detail and to study the influence of a larger range of Nb doping concentration on the 
film properties. 
Another promising approach is the investigation of seed layers for the TiOx:Nb 
films. A very thin film of only a few nanometres would be used as crystallisation 
centre for a thick amorphous film deposited on top of the seed layer. Thereby, the 
crystallisation temperature could be decreased, reducing the defect creation as well. 
Promising candidates are very thin films of undoped TiOx due to a slightly lower 
crystallisation temperature of undoped TiOx.  
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